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INTRODUCTION: 


Androgen  independence  and  chemoresistance  are  the  major  obstacles  in  the  treatment  of 
patients  with  advanced  prostate  cancer  (Denis  &  Murphy,  1993;  Oh  &  Kantoff,  1998). 
Recent  studies  have  suggested  that  overexpression  of  a  proto-oncorprotein,  Bcl-2,  plays 
an  important  role  in  the  development  of  androgen  independence  and  chemoresistance  in 
prostate  cancer  (McDonnell  et  al.,  1992;  Colombel  et  al.,  1993;  Berchem  et  al.,  1995; 
Raffo  et  ah,  1995;  Bauer  et  ah,  1996,  McConkey  et  ah,  1996).  We  propose  in  this 
application  to  develop  a  tumor-specific  vehicle  to  selectively  deliver  to  the  tumor  an 
antisense  oligodeoxynucleotides  (ODN)  that  is  targeted  to  Bcl-2.  Down-regulation  of 
Bcl-2  in  prostate  cancer  could  render  it  more  susceptible  to  the  standard  chemotherapy. 
Sigma  receptor  will  be  chosen  as  the  target  as  they  are  overexpressed  in  a  number  of 
tumors  including  prostate  cancer  (Vilner  et  ah,  1995;  John  et  ah,  1993;  John  et  ah,  1995a; 
John  et  ah,  1995b;  John  et  ah,  1996;  John  et  ah,  1999a;  John  et  ah,  1999b). 


BODY: 


Two  specific  aims  were  originally  proposed  in  our  application  and  a  three-year  support 
was  requested.  A  two-year  support  was  later  approved  to  request  us  to  focus  on  the  first 
aim:  to  develop  novel  delivery  systems  for  targeted  delivery  of  ODN  to  prostate  cancer. 
Two  issues  are  critical  for  achieving  this  goal:  1)  to  identify  a  targeting  ligand  that  is 
highly  specific  for  prostate  cancer;  and  2)  to  develop  a  lipid  vector  that  is  highly  efficient 
in  encapsulating  ODN  and  in  mediating  selective  delivery  of  ODN  to  target  cells. 


days  from  inoculation 


Fig.  1.  Inhibitory  effect  of  anisamide-targeted 
liposomal  DOX  on  the  growth  of  DU-145  tumor. 
Groups  of  five  mice  were  inoculated  with  DU-145 
cells.  Five  days  later  mice  received  the  following 
treatments  at  a  DOX  dose  of  7.5  mg/kg:  A)  DOX- 
liposome  containing  DSPE-PEG(2000)-OCH3  (black 
triangle);  B)  free  DOX  (black  circle);  and  C)  DOX- 
liposome  containing  DSPE-PEG-SP2-AA  (white 
square).  Control  mice  received  HBS.  Tumor  sizes  in 
each  group  were  measured  twice  a  week  and 
compared.  *P<0.05  (vs  DOX-liposome  containing 
DSPE-PEG(2000)-OCH3).  Free  DOX  treatment  was 
terminated  at  day  22  because  all  mice  died  of  toxicity. 


Accordingly,  we  have  developed  two 
different  types  of  tumor-specific 
ligands,  i.e.,  anisamide  derivative  and 
D-PE  peptide  that  are  targeted  to 
sigma  receptor  and  prostate  specific 
membrane  antigen  (PSMA), 
respectively.  Both  ligands  are  efficient 
in  mediating  liposomal  targeting  to 
prostate  cancer  cells.  In  addition,  we 
have  developed  a  new  method  that  is 
highly  efficient  in  encapsulating  ODN 
inside  lipidic  vector  and  in  mediating 
intracellular  delivery  of  ODN  in  cell- 
type-specific  manner.  Three  papers 
have  been  published  as  a  result  of  the 
above  studies.  The  following 
highlights  the  major  findings  from 
these  studies. 

1.  Targeted  delivery  of  liposomal 
drugs  to  prostate  cancer  cells:  In 
collaboration  with  Dr.  Leaf  Huang,  we 


4 


Song  Li,  M.D.,  Ph.D. 


have  recently  shown  that  anisamide-derivatized  ligand  efficiently  mediates  delivery  of 
liposomal  doxorubicin  (DOX)  to  DU-145  prostate  cancer  cells  that  overexpress  sigma 

receptor  in  vitro  and  in  vivo 
(Banerjee,  R,,  Tyagi,  P.,  *Li,  S.,  & 
*Huang,  L.,  International  Journal 
of  Cancer,  in  press).  Targeted 
DOX  delivery  not  only  improved 
the  antitumor  activity  but  also 
decreased  the  DOX-related 


Fig.  2.  D fE-mediated  liposomal  targeting  to  LNCaP 
cancer  cells.  Rho-labeled  liposomes  composed  of  PC. 
cholesterol  and  PE-PEG  with  (B)  or  without  (A)  DSPE- 
PEG-DfE  (0.5  mol%)  were  prepared  and  added  to  LNCaP 
cells.  Liposomal  uptake  was  examined  one  h  later  under  a 
fluorescence  microscope. 


toxicity  (Fig.  1).  More  recently  we 
have  shown  that  a  small  molecule 
glutamate  carboxypeptidase 

inhibitor  (D|3E)  also  efficiently 
mediates  liposomal  targeting  to 
LNCaP  cells  that  overexpress 
PSMA.  Figure  2  shows  the  uptake 
of  the  rhodamine  (Rho)-labeled  liposomes  1  h  following  incubation  with  LNCaP  cells  at 

37°C.  D  pE-conjugated  liposomes 
were  more  efficiently  taken  up  by 
LNCaP  cells  than  the  control  non- 
targeted  liposomes.  Liposomal 
targeting  appears  to  be  specifically 
mediated  by  PSMA  because  there 
is  only  a  background  level  of 
liposomal  uptake  in  DU- 145  cells 
that  lack  the  expression  of  PSMA 
(data  not  shown).  We  are  currently 
examining  whether  DpE  can  be 
employed  for  targeted  delivery  of 
liposomal  drugs  (including  ODN) 
to  PSMA-overexpressing  prostate 
cancer  cells.  PSMA-mediated 
targeting  might  be  advantageous 
over  sigma  receptor-based 
targeting  since  PSMA  is  more 
specific  for  prostrate  cancer. 
Several  studies  have  shown  that 
PSMA  is  also  overexpressed  in 
what  appears  to  be  microvascular 
lining  cells  in  prostate  cancer  and 
other  tumors  (Liu  et  ah,  1997;  Liu 
et  ah,  2002).  Thus  there  might  be  a 


Fig.  3.  EGFR  expression  in  KB  cells  following  targeted 
delivery  of  EGFR  antisense  ODN.  Cells  were  treated 
with  ODN,  free  or  formulated  in  FR-targeted  lipid  vesicles 
for  1  h  and  then  cultured  in  normal  medium.  Expression  of 
EGFR  in  KB  cells  4  days  following  ODN  treatment  was 
then  examined  by  an  indirect  immunofluorescent  staining 
using  mouse  anti-human  EGFR  antibody.  A:  KB  cells 
without  treatment ;  B:  negative  control  (cells  reacted  with 
blocking  buffer  followed  by  fluorescein-labeled  goat  anti¬ 
mouse  IgG);  C:  KB  cells  treated  with  free  EGFR  antisense 
ODN;  D:  KB  cells  treated  with  antisense  ODN  formulated 
in  FR-targeted  lipid  vesicles. 

synergistic  effect  in  PSMA-mediated  targeting  by  killing  both  tumor  cells  and  tumor 
endothelial  cells. 
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2.  Development  of  a  novel  lipid  vector  for  targeted  delivery  of  ODN:  The  major 
limitation  with  liposomal  vectors  for  ODN  delivery  is  the  low  encapsulation  efficiency.  A 
novel  method  has  recently  been  reported  to  encapsulate  ODN  inside  lipidic  vesicles  at  a 

high  efficiency  (Semple 
et  al.,  2001).  In  this 
study,  we  were 
examining  whether  this 
vector  can  be  modified  to 
achieve  targeted  ODN 
delivery.  This  feasibility 
was  examined  using 
folate  as  a  model  ligand. 
A  number  of  studies  have 
shown  that  certain  types 
of  tumors  overexpress 
folate  receptors  (FR). 
Folate  has  been  used  by 
our  group  and  other 
groups  to  target 
anticancer  agents  to 
tumors  that  overexpress 
FR.  Conventional  FR-targeted  liposomes  suffer  from  a  low  entrapment  efficiency  for 
ODN  delivery.  We  have  successfully  prepared  FR-targeted  lipidic  ODN  with  ODN 
entrapment  efficiency  as  high  as  60-80%  (w/w).  The  lipid  composition  is  composed  of 
DSPC:  cholesterol:  DODAP:  DSPE-PEG:  folate-PEG-PE.  Folate  mediates  efficient 
targeting  of  ODN  to  KB  cells  that  overexpress  FR  (Zhou  et  ah,  2002).  Targeted  delivery 
of  EGFR  antisense  ODN  to  KB  cells  led  to  a  dramatic  reduction  in  the  EGFR  expression 
as  shown  in  an  immuno-fluorescence  assay  (Figure  3),  far  more  efficient  than  free 
antisense  ODN.  Down-regulation  of  EGFR  expression  via  targeted  antisense  therapy 
greatly  sensitizes  KB  cells  to  chemotherapy.  Figure  4  shows  the  results  of  a  MTT  assay 
following  treatment  of  KB  cells  with  FR-targeted  EGFR  antisense  ODN,  doxorubicin 
(DOX),  or  a  combination  of  both.  Either  antisense  ODN  or  DOX  exhibited  only  a  low 
level  of  cytotoxic  effect  on  KB  cells.  However,  pretreatment  with  FR-targeted  EGFR 
antisense  ODN  significantly  enhances  the  cytotoxic  effect  of  DOX  on  KB  cells.  We  are 
currently  extending  this  study  to  targeted  delivery  of  ODN  to  prostate  cancer  via  PSMA. 


Dox  concentration  (ng/ml) 


Fig.  4.  Treatment  with  FR-targeted  antisense  ODN  sensitizes  KB 
cells  to  chemotherapy.  KB  cells  were  treated  with  FR-targeted 
antisense  ODN for  1  h  and  then  cultured  in  normal  medium.  Two  days 
later  cells  were  exposed  to  various  concentrations  of  DOX  and  cell 
growth  was  examined  1  day  later  by  MTT  assay. 


KEY  RESEARCH  ACCOMPLISHMENTS: 


We  have  demonstrated  for  the  first  time  that  small  molecular  weight  ligands  including 
benzamide  derivatives  and  DpE  can  be  used  to  target  liposomal  drugs  to  prostate  cancer 
cells  in  vitro  and  in  vivo.  The  advantages  of  these  targeting  systems  include:  a)  low 
immunogenecity;  b)  low  toxicity  due  to  the  excellent  safety  profiles  of  benzamide  and 
DpE.  This  strategy  might  be  used  to  deliver  to  prostate  cancer  cells  various  types  of 
anticancer  agents  including  small  molecular  weight  chemotherapeutic  drugs,  ODN  and 
genes.  Using  folate  as  a  model  ligand,  we  have  also  developed  a  method  to  prepare 
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targeted  lipidic  ODN  with  a  high  ODN  entrapment  efficiency.  The  success  of  these 
studies  will  pave  the  way  to  our  long-term  goal  of  targeted  delivery  of  Bcl-2  antisense 
ODN  to  prostate  cancer. 

REPORTABLE  OUTCOMES: 


Zhou,  W.,  Yuan,  X.,  Wilson,  A.,  Yang,  L.,  Mokotoff,  M.,  Pitt,  B.,  and  Li,  S.  Efficient 
intracellular  delivery  of  oligonucleotides  formulated  in  folate  receptor-targeted  lipid 
vesicles.  Bioconjuagte  Chemistry  13:  1220-1225,  2002. 

Yang,  L.,  Zhou,  W.,  and  Li,  S.  Targeted  delivery  of  antisense  oligonucleotides  to  folate 
receptor-overexpressing  tumor  cells.  Journal  of  Controlled  Release  95:  321-331,  2004. 

Banerjee  R,  Tyagi,  P.,  Li,  S.,  and  Huang,  L.  Anisamide-targeted  stealth  liposomes:  a 
potent  carrier  for  targeting  doxorubicin  to  prostate  cancer  cells.  International  Journal  of 
Cancer  (in  press)  ^correspondence  author). 


CONCLUSIONS: 


Sigma  receptors  or  PSMA  mediate  efficient  targeting  of  liposomal  drugs  to  prostate 
cancer.  Future  studies  will  be  planned  to  extend  the  above  studies  to  targeting  of  Bcl-2 
antisense  oligonucleotides  to  prostate  cancers. 
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Folate  Receptor-Targeted  Lipid  Vesicles 
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In  this  study,  a  novel  lipid  vector  has  been  developed  for  targeted  delivery  of  oligodeoxynucleotides 
(ODN)  to  tumors  that  overexpress  folate  receptor.  This  is  based  on  a  method  developed  by  Semple  et 
al.  (I),  which  utilizes  an  ionizable  aminolipid  (l,2-dioleoyl-3-(dimethylammonio)propane,  DODAP)  and 
an  ethanol-containing  buffer  system  for  encapsulating  large  quantities  of  polyanionic  ODN  in  lipid 
vesicles.  Folate  is  incorporated  into  the  lipid  vesicles  via  a  distearoylphosphatidylethanolamine  poly¬ 
ethylene  glycol)  (DSPE  PEG)  spacer.  These  vesicles  are  around  100  200  nm  in  diameter  with  an 
ODN  entrapment  efficiency  of  60  80%.  Folate  mediated  efficient  delivery  of  ODN  to  KB  cells  that 
overexpress  folate  receptor.  Uptake  of  folate-targeted  lipidic  ODN  by  KB  cells  is  about  8  10-fold  more 
efficient  than  that  of  lipidic  ODN  without  a  ligand  or  free  ODN.  This  formulation  is  resistant  to  serum. 
Thus,  targeted  delivery  of  ODN  via  this  novel  lipid  vector  may  have  potential  in  treating  tumors  that 
overexpress  folate  receptors. 


INTRODUCTION 

Functional  oligodeoxynucleotides  (ODN)  such  as  anti- 
sense  ODN  and  DNA  enzymes  hold  promise  as  new 
therapeutics  for  the  treatment  of  various  types  of  diseases 
such  as  cancers  ( 2 ,  3).  A  number  of  studies  have  sug¬ 
gested  the  existence  of  ODN  receptors  on  the  cell  surface 
(4,  5).  However,  intracellular  delivery  of  ODN  without  a 
delivery  vehicle  is  generally  inefficient.  Successful  appli¬ 
cation  of  therapeutic  ODN  is  largely  dependent  on  the 
development  of  a  vehicle  that  selectively  delivers  the 
ODN  into  target  cells  with  minimal  toxicity.  A  number 
of  vectors  have  been  developed  to  improve  the  intracel¬ 
lular  delivery  of  ODN  such  as  neutral  liposomes  (5)  and 
cationic  liposomes  (7,  8).  ODN  can  be  entrapped  inside 
neutral  liposomes.  The  liposomes  can  also  be  designed 
such  that  they  are  long-circulating  in  the  blood  and  target 
cell-specific.  However,  the  size  of  liposomes  required  for 
achieving  long  circulation  in  the  blood  and  efficient 
localization  is  too  small  for  efficient  entrapment  of  ODN, 
Cationic  liposomes  readily  form  complexes  with  ODN 
through  electrostatic  interactions.  Almost  100%  of  ODN 
can  be  recovered  in  complex  form.  The  resulting  com¬ 
plexes  usually  contain  slight  excess  amount  of  positive 
charges  that  allows  efficient  interaction  with  the  nega¬ 
tively  charged  cell  membrane.  A  number  of  cationic 
liposomes  have  been  developed  that  significantly  enhance 
the  intracellular  delivery  of  ODN.  ODN  complexed  with 
cationic  liposomes  exhibit  biological  activity  up  to  1000- 
fold  higher  than  ODN  alone  (7,  8).  However,  targeted 
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delivery  of  ODN  to  solid  tumors  via  systemic  administra¬ 
tion  remains  problematic,  although  we  have  shown  that 
cationic  liposomes  mediate  efficient  delivery  of  ODN  to 
pulmonary  endothelium  ( 9) .  Recently,  a  novel  lipid 
formulation  has  been  developed  (7)  that  appears  to  avoid 
the  problems  that  are  associated  with  each  of  the 
formulations  discussed  above.  This  formulation  is  com¬ 
posed  of  distearoylphosphatidylcholine  (DSPC),  choles¬ 
terol,  DODAP,  and  7V-palmitoylsphingosine-l-[succinyl- 
(methoxypoly (ethylene  glycol))2000]  (PEG-CerCi6).  DODAP 
is  an  ionizable  cationic  lipid  that  has  a  p K  of  6.6  in  lipid 
bilayer  systems.  At  acidic  pH  values  (i.e.  pH  4.0),  this 
lipid  is  positively  charged  and  helps  to  improve  the  ODN 
entrapment  via  electrostatic  interactions.  DODAP/ODN 
complexes  can  interact  with  other  lipids  in  an  ethanol- 
containing  buffer,  and  ODN-containing  lipid  vesicles  are 
formed  upon  the  removal  of  the  ethanol  by  dialysis. 
Subsequent  adjustment  of  the  external  pH  to  neutral  pH 
values  results  in  a  neutral  surface  charge  on  the  resulting 
particles.  This  method  led  to  a  significant  increase  in 
ODN  entrapment  efficiency  (60  80%)  with  a  final  lipid/ 
ODN  ratio  of  0.15  0.25  (w/w)  (1).  This  formulation  has 
also  been  shown  to  be  long  circulating  in  the  blood 
following  systemic  administration  (7).  In  this  study,  we 
have  shown  that  this  formulation  can  be  further  im¬ 
proved  via  the  incorporation  of  a  targeting  ligand,  folate. 
Folate-targeted  vesicles  are  much  more  efficient  than  the 
nontargeted  vectors  in  delivering  ODN  to  KB  cells.  This 
improved  formulation  may  have  potential  for  the  targeted 
delivery  of  therapeutic  oligonucleotides  to  tumors  that 
overexpress  folate  receptors. 

EXPERIMENTAL  PROCEDURES 

Lipids  and  Chemicals.  Distearoylphosphatidylcho¬ 
line  (DSPC),  7Vpalmitoylsphingosine-l-[succinyl(methoxy- 
poly(ethylene  glycol))  2000]  (PEG-CerCi6),  and  1,2-dioleoyl- 
3-(dimethylammonio)propane  (DODAP)  were  obtained 
from  Avanti  Polar  Lipids,  Inc.  (Alabaster,  AL).  Folic  acid 
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no.  sequence  (5'-3') 

1  tat  gat  ctg  tea  cag  ett  ga  (19) 

2  egg  agg  gtc  gca  teg  ctg  (20f 

3  cac  gee  ett  ace  ttt  ett  ttc  ct  (20) 

4  ccg  tgg  tea  tgc  tec  (6) 

5  ccc  cag  cag  etc  cca  ttg  gg  {21) 

6  get  gac  gca  ctg  act  (6) 

and  cholesterol  (CH)  were  purchased  from  Sigma-Aldrich. 
All  lipids  were  99%  pure.  Folate-free  RPMI  1640 
medium,  F12  medium,  and  other  tissue  culture  reagents 
were  purchased  from  Gibco-BRL  (Grand  Island,  NY). 
Folate  poly(ethylene  glycol)  (MW  ~  3350  or  2000  Da) 
distearoyl  phosphatidylethanolamine  (folate  PEG  DSPE) 
was  synthesized  as  described  previously  (10).  The  final 
folate  PEG  DSPE  product  was  purified  on  a  column  of 
silica  gel  (70  200  mesh)  using  a  solvent  gradient  of  15 
to  80%  methanol  in  CH2CI2.  Product  purity  was  con¬ 
firmed  by  thin-layer  chromatography  analysis  on  silica 
gel  GF. 

Antisense  ODN.  All  ODN  were  synthesized  with 
phosphorothioate  (PS)  backbone  chemistry  (the  Midland 
Certified  Reagent  Company,  Midland,  TX).  The  se¬ 
quences  of  ODN  used  in  this  study  are  shown  in  Table 
1. 

Preparation  of  ODN-Containing  Lipid  Vesicles. 

ODN-containing  lipid  vesicles  were  prepared  according 
to  the  method  described  by  Semple  et  al.  (!)  except  that 
folate  PEG  DSPE  was  added  when  preparing  the  folate- 
targeted  lipid  vesicles.  Briefly,  a  lipid  solution  composed 
of  DSPC,  cholesterol,  DODAP,  and  PEG-CerC[6  in  100% 
ethanol  at  indicated  molar  ratios  (Figures  1  7)  was 
prepared.  For  preparation  of  folate- targeted  lipid  vesicles, 
various  amounts  of  folate  PEG  DSPE  were  added.  To 
the  lipid  solution  was  then  added  300  mM  citric  acid,  pH 
4.0  to  a  final  ethanol  concentration  of  40%  (v/v).  Simi¬ 
larly,  ODN  were  prepared  in  separate  tubes  in  300  mM 
citric  acid,  pH  4.0,  with  40%  ethanol.  The  solutions  were 
prewarmed  to  65  °C,  and  then  the  lipid  solution  was 
slowly  added  to  the  ODN  with  gentle  vortexing.  The  input 
ratio  was  150  fig  ODN/// mol  lipid.  The  mixture  was 
passed  10  times  through  three  stacked  100  nm  polycar¬ 
bonate  filters.  The  preparation  was  dialyzed  (12  14  kDa 
cutoff)  against  300  mM  citrate  buffer,  pH  4,0,  for  ap¬ 
proximately  1  h  to  remove  excess  ethanol  and  further 
dialyzed  against  HBS  (20  mM  HEPES,  145  mM  NaCl, 
pH  7.6)  for  12  18  h  to  remove  the  citrate  buffer, 
neutralize  the  DODAP,  and  release  any  ODN  that  was 
associated  with  the  surface  of  the  vesicles.  ODN-contain¬ 
ing  lipid  vesicles  were  finally  separated  from  free  ODN 
via  gel  filtration  on  a  Sepharose  CL-4B  column  (1  cm  x 
25  cm). 

Cells  and  Medium.  KB  human  cancer  cells,  derived 
from  an  epidermal  carcinoma  of  the  oral  cavity,  were 
obtained  from  American  Type  Culture  Collection  (ATCC). 
The  cells  were  maintained  in  folate-free  RPMI  1640 
medium  supplemented  with  100  units/mL  penicillin,  100 
g/mL  streptomycin,  and  10%  fetal  bovine  serum,  which 
provides  the  only  source  of  folate  (the  final  folate  con¬ 
centration  in  the  serum-supplemented  medium  was 
approximately  physiological).  The  cells  were  cultured  as 
a  monolayer  in  a  humidified  atmosphere  containing  5% 
CO2  at  37  °C.  CHO  cells  were  obtained  from  ATCC  and 
cultured  in  FI 2  medium  supplemented  with  10%  fetal 
calf  serum. 

Uptake  of  ODN  by  KB  and  CHO  Cells.  Cells  were 
seeded  to  a  24-well  plate  at  a  cell  density  of  2.5  x  10 4I 
well  and  allowed  to  grow  overnight.  ODN,  free  or 


encapsulated  in  lipid  vesicles,  were  added  to  the  cells  in 
various  concentrations  [determined  according  to  a  car- 
bocyaninedye  (Cy3)-labeled  ODN],  Following  incubation 
at  37  °C  for  1  h,  cells  were  washed  with  PBS  (3x3  min). 
Cells  were  lysed  using  a  lysis  buffer  (0.1%  Triton  X  in 
100  mM  Tris,  2  mM  EDTA,  pH  7.6).  The  lysed  cells  were 
centrifuged  at  14000  rpm  for  10  min  at  4  °C.  The  amount 
of  Cy3-labeled  ODN  in  the  supernatant  was  determined 
by  examining  its  fluorescence  intensity  on  a  LS50B 
Perkin-Elmer  Luminescence  Spectrometer.  The  protein 
content  of  the  supernatant  was  measured  with  Bio-Rad 
protein  assay  system  (Bio-Rad,  Hercules,  CA).  The  result 
of  ODN  uptake  was  expressed  as  the  pg  Cy3-labeled 
ODN///g  protein. 

Fluorescence  Microscopic  Examination  of  Cel¬ 
lular  Uptake  of  Folate-Targeted  Lipidic  ODN.  KB 

cells  were  seeded  at  a  density  of  1  x  105  cells/well  in  a 
4-well  Nalge  Nunc  Lab-Tek  chamber  slide  (Naperville, 
IL)  and  kept  overnight  at  37  °C.  ODN,  free  or  formulated 
in  lipid  vesicles  with  or  without  a  folate  ligand,  were 
added  at  a  Cy3-ODN  concentration  of  100  ng/mL.  In  one 
well,  free  folate  was  added  to  the  folate-targeted  lipidic 
ODN  at  a  final  concentration  of  1  mM.  One  hour 
following  the  incubation  at  37  °C  cells  were  washed  three 
times  with  PBS.  Cells  were  then  fixed  with  2%  paraform¬ 
aldehyde  at  37  °C  for  20  min  and  further  washed  three 
times  with  PBS.  Cellular  uptake  of  Cy3-labeled  ODN  was 
examined  under  a  Nikon  Eclipse  TE  300  fluorescence 
microscope  with  a  blue  filter  at  200  x  magnification. 

RESULTS 

Preparation  and  Characterization  of  Folate- 
Targeted,  ODN-Containing  Lipid  Vesicles.  Cy3- 

labeled  ODN  were  used  as  a  label  for  quantification  of 
ODN  encapsulation  efficiency  and  for  following  the 
cellular  uptake  of  ODN-containing  lipid  vesicles.  Cy3- 
labeled  ODN  were  mixed  with  unlabeled  ODN  at  a  1:9 
ratio  (w/w).  ODN  were  first  mixed  with  a  lipid  solution 
composed  of  DSPC,  cholesterol,  DODAP,  PEG-CerCi6, 
and  folate  PEG  DSPE  under  an  acidic  condition  in  the 
presence  of  40%  ethanol.  DODAP/ODN  complexes  and 
other  lipids  were  then  self-assembled  to  form  ODN- 
containing  lipid  vesicles  during  the  dialysis  against  300 
mM  citrate  buffer,  pH  4.0,  and  then  against  HBS  (20  mM 
HEPES,  145  mM  NaCl,  pH  7.6).  Figure  1  shows  the 
profile  of  separation  of  the  mixture  on  Sepharose  CL- 
4B.  The  lipid-associated  ODN  were  well  separated  from 
free  ODN.  The  size  of  the  ODN-containing  vesicles  ranges 
from  100  to  200  nm  with  60  80%  of  input  ODN  being 
associated  with  the  lipid  vectors.  These  vesicles  carry  a 
negative  charge  surface  as  confirmed  by  Zeta  potential 
analysis  (data  not  shown).  The  ODN  that  were  associated 
with  lipid  vesicles  were  fully  protected  from  degradation 
by  nuclease,  suggesting  that  ODN  were  encapsulated 
inside  the  lipid  vesicles  (data  not  shown).  These  studies 
were  performed  with  six  different  ODN  ranging  from  15 
to  23  mer  in  length  (Table  1),  and  similar  results  were 
obtained. 

Effect  of  the  Amount  of  Folate  PEG  DSPE  on 
the  Cellular  Uptake  of  Folate-Targeted  Lipidic 

ODN.  Figure  2  shows  the  cellular  uptake  of  lipidic  ODN 
by  KB  cells  with  increasing  amount  of  input  folate 
PEG  DSPE.  The  total  amount  of  lipid-derivatized  PEG 
(folate  PEG  DSPE  plus  PEG-CerCi6)  added  is  2  mol  %. 
Increasing  the  amount  of  folate  from  0.1  to  0.5  mol  % 
resulted  in  a  significant  increase  in  the  cellular  uptake 
of  ODN.  Increasing  the  input  folate  beyond  0.5  mol  % 
was  not  associated  with  a  further  increase  in  the  cellular 
uptake  of  ODN. 
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Figure  X.  Size-exclusion  chromatographic  fractionation  of 
ODN -containing  lipid  vesicles  on  a  Sepharose  CL-4B  column. 
DSPC,  cholesterol,  DODAP,  PEG-CerCi6,  and  folate  PEG 
DSPE  were  individually  dissolved  in  ethanol  and  mixed  in  a 
molar  ratio  of  25/45/25/4/1.  To  the  lipid  solution  was  added  300 
mM  citric  acid,  pH  4.0,  to  a  final  ethanol  concentration  of  40% 
(v/v).  Similarly  ODN  were  prepared  in  separate  tubes  in  300 
mM  citric  acid,  pH  4.0,  with  40%  ethanol.  The  solutions  were 
prewarmed  to  65  °C,  and  the  lipids  were  slowly  added  to  the 
ODN  with  gentle  vortexing.  The  mixture  was  passed  10  times 
through  three  stacked  100  nm  polycarbonate  filters.  The 
preparation  was  dialyzed  (12  14  kDa  cutoff)  against  300  mM 
citrate  buffer,  pH  4.0,  for  approximately  1  h  to  remove  excess 
ethanol  and  further  dialyzed  against  HBS  (20  mM  HEPES,  145 
mM  NaCl,  pH  7.6)  for  12  18  h.  The  dialyzed  solution  (0.5  mL) 
was  loaded  on  to  a  Sepharose  CL-4B  column  (1  cm  x  25  cm), 
which  had  been  equilibrated  with  HEPES  (pH7.6).  Lipidic  ODN 
and  free  ODN  were  collected  with  1  mL  in  each  fraction  and 
examined  for  their  absorbance  at  260  nm. 
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Figure  2.  Effect  of  the  amount  of  folate-PEG-DSPE  on  the 
cellular  uptake  of  folate-targeted  lipidic  ODN.  ODN-containing 
lipid  vesicles  were  prepared  as  described  in  the  legend  to  Figure 
1  with  various  amounts  of  input  folate  PEG  DSPE.  The  total 
amount  of  PEG  added  in  the  lipid  mixture  is  2  mol  %.  KB  cells 
were  seeded  to  a  24-well  plate  at  a  cell  density  of  2.5  x  lOVwell 
and  allowed  to  grow  overnight.  Lipidic  ODN  were  added  to  the 
cells  in  various  concentrations  (determined  according  to  the  Cy3- 
labeled  ODN).  Following  incubation  at  37  °C  for  1  h,  cells  were 
washed  with  PBS  and  then  lysed  using  a  lysis  buffer.  The  lysed 
cells  were  centrifuged  at  14000^for  10  min  at  4  °C.  The  amount 
of  Cy3-labeled  ODN  in  the  supernatant  was  determined  by 
examining  its  fluorescence  intensity  on  a  fluorometer.  The 
protein  content  of  the  supernatant  was  measured  with  Bio-Rad 
protein  assay  system.  The  result  of  ODN  uptake  was  expressed 
as  the  pg  Cy3-labeled  ODN/«g  protein.  The  x  and  y  in  PxFy 
(Figures  2,  3,  and  5)  represent  the  mol  %  of  PEG-Cerl6  and 
folate  PEG  DSPE  in  the  lipid  vesicles,  respectively,  n  3. 

Effect  of  the  Amount  of  Ceramide-Derivatized 
PEG  on  the  Cellular  Uptake  of  Folate-Targeted 
Lipidic  ODN.  Figure  3  shows  the  effect  of  the  amount 
of  input  ceramide-derivatized  PEG  on  the  cellular  uptake 
of  folate-targeted  lipidic  ODN.  The  amount  of  input 
folate  PEG  DSPE  is  0.1  (Panel  A)  or  1  mol  %  (Panel 
B).  Increasing  the  amount  of  ceramide-derivatized  PEG 
from  0  to  10  mol  %  resulted  in  a  significant  decrease  in 
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Figure  3.  Effect  of  the  amount  of  ceramide-PEG  on  the  cellular 
uptake  of  folate-targeted  lipidic  ODN.  ODN-containing  lipid 
vesicles  were  prepared  as  described  in  the  legend  to  Figure  1 
with  various  amounts  of  input  ceramide-PEG.  The  amount  of 
input  folate  PEG  DSPE  was  0.1  mol  %  (Panel  A)  or  1  mol  % 
(Panel  B).  Various  amounts  of  ODN  were  added  to  KB  cells  and 
the  cellular  uptake  of  ODN  was  evaluated  as  described  in  the 
legend  to  Figure  2.  n  3. 

the  cellular  uptake  of  ODN  when  0.1  mol  %  of  folate 
PEG  DSPE  was  used  (Panel  A).  However,  such  an 
inhibitory  effect  was  diminished  when  the  amount  of 
input  folate  PEG  DSPE  was  increased  to  1  mol  % 
(Panel  B). 

Effect  of  PEG  Length  on  the  Cellular  Uptake  of 
Lipidic  ODN.  Previous  studies  have  shown  that  folate- 
mediated  targeting  of  liposomes  is  affected  by  the  length 
of  PEG  spacer  between  folate  and  the  lipid  anchor  (such 
as  DSPE  in  this  study)  (10,  11).  Similar  results  were 
observed  in  this  study  with  ODN  targeting  using  our  new 
lipidic  vector  (Figure  4).  Folate  with  a  PEG  of  3500  Da 
appeared  to  be  more  efficient  than  that  with  a  PEG  of 
2000  Da  in  mediating  the  targeting  of  ODN  to  KB  cells. 
This  difference  became  more  dramatic  with  increasing 
amounts  of  ceramide  PEG  (data  not  shown). 

Cellular  Uptake  of  Folate-Conjugated,  Lipidic 
ODN  is  Mediated  by  Folate  Receptors.  To  demon¬ 
strate  whether  the  cellular  uptake  of  folate-conjugated, 
lipidic  ODN  is  mediated  by  folate  receptor,  their  uptake 
was  also  examined  on  CHO  cells,  which  have  a  low  level 
of  folate  receptors  (Figure  5).  As  shown  in  Panel  A, 
coupling  of  folate  to  lipidic  ODN  led  to  a  significant 
increase  in  the  cellular  uptake  by  KB  cells.  The  level  of 
ODN  uptake  was  about  8  10-fold  higher  for  folate- 
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Figure  4.  Effect  of  PEG  length  on  the  cellular  uptake  of  lipidic 
ODN.  Lipidic  ODN  were  prepared  as  described  in  the  legend  to 
Figure  1.  The  molecular  weight  of  PEG  in  folate  PEG  DSPE 
was  2000  or  3500  Da.  Various  amounts  of  ODN  were  added  to 
KB  cells  and  the  cellular  uptake  of  ODN  was  evaluated  as 
described  in  the  legend  to  Figure  2.  n  3. 
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Figure  5.  Cell  type-specific  uptake  of  folate-targeted  lipidic 
ODN.  KB  (Panel  A)  or  CHO  (Panel  B)  cells  were  plated  in  a 
24-well  plate.  ODN,  free  or  formulated  in  lipid  vesicles  with  or 
without  a  folate  ligand,  were  added  to  cells  in  various  concen¬ 
trations.  In  a  separate  experiment,  free  folate  was  added  to 
folate-targeted  lipidic  ODN  at  a  Final  concentration  of  1  mM. 
Cellular  uptake  of  ODN  was  then  evaluated  as  described  in  the 
legend  to  Figure  2.  n  3. 

targeted  lipidic  ODN  than  that  of  free  ODN  or  lipidic 
ODN  without  a  ligand.  The  improvement  in  ODN  uptake 
was  almost  completely  blocked  by  adding  excess  amount 
of  free  folate.  There  was  essentially  no  difference  in  the 


ODN  uptake  by  CHO  cells  whether  ODN  were  free  or 
formulated  in  ligand-free  lipid  vesicles  or  folate-targeted 
lipid  vesicles  (Panel  B). 

Fluorescence  Microscopic  Examination  of  the 
Cellular  Uptake  of  Folate-Targeted  Lipidic  ODN. 

Figure  6  shows  the  fluorescence  images  of  ODN  uptake 
by  KB  cells.  At  1  h  following  incubation  at  37  °C,  folate- 
targeted  ODN  were  found  to  be  associated  with  the  cell 
membrane  as  well  as  inside  the  cells  (Panel  B).  In 
agreement  with  the  quantitative  analysis  (Figure  5),  the 
level  of  cell-associated  fluorescence  intensity  is  substan¬ 
tially  higher  with  folate-targeted  ODN  (Panel  B)  than 
that  with  either  free  ODN  (Panel  D)  or  ODN  formulated 
in  nontargeted  lipid  vesicles  (Panel  A).  However,  the 
fluorescence  intensity  with  folate-targeted  ODN  was 
decreased  to  background  level  by  adding  excess  amounts 
of  free  folate  (Panel  C).  These  results  suggest  that  the 
binding  and  the  subsequent  internalization  of  the  folate- 
targeted  ODN  are  mediated  by  the  folate  receptors. 

Effect  of  Serum  on  ODN  Uptake  by  KB  Cells. 
Figure  7  shows  the  uptake  of  folate-targeted  ODN  by  KB 
cells  in  the  presence  or  absence  of  10%  FBS.  Serum 
appears  to  have  only  a  slight  effect  on  the  cellular  uptake 
of  folate-targeted  ODN.  Similar  phenomenon  was  ob¬ 
served  for  free  ODN  or  ODN  formulated  in  nontargeted 
lipid  vesicles  (data  not  shown). 

DISCUSSION 

An  ideal  ODN  vector  should  have  a  large  ODN  loading 
capacity  and  deliver  the  ODN  to  target  cells  in  a  cell- 
type-specific  manner.  Neutral  liposomes  are  suitable  for 
active  targeting  but  suffer  from  low  encapsulation  ef¬ 
ficiencies  and  drug-to-lipid  ratios.  This  problem  can  be 
resolved  via  incorporation  of  cationic  lipids  into  the 
formulation,  but  the  resulting  lipid/nucleic  acid  com¬ 
plexes  are  generally  unstable  and  short-lived  in  blood 
circulation.  Furthermore,  substantial  amounts  of  ODN 
are  associated  with  the  positively  charged  surface  of  the 
particles.  These  ODN  may  be  released  from  the  particles 
by  the  highly  negatively  charged  molecules  in  the  blood 
following  systemic  administration  {12).  Recently,  Stuart 
and  Allen  ( 13)  described  a  method  by  which  80  100%  of 
input  ODN  were  entrapped  in  a  lipid  vector  that  was 
stable  in  human  plasma.  This  involves  the  formation  in 
and  extraction  of  cationic  lipid/ODN  complex  from  an 
organic  solvent.  The  cationic  lipid/ODN  complex  was  then 
mixed  with  other  neutral  lipids  and  ODN-containing  lipid 
vesicles  were  obtained  by  a  reverse  phase  evaporation 
method  {13).  More  recently,  a  much  simpler  method  was 
developed  by  Semple  and  colleagues  {!),  which  utilizes 
an  ionizable  aminolipid  (DODAP)  and  an  ethanol- 
containing  buffer  system.  A  similar  level  of  encapsulation 
efficiency  was  achieved  {!).  These  ODN-containing  lipid 
vesicles,  however,  are  inefficient  in  interacting  with  cells. 
Furthermore,  they  lack  cell  type  specificity.  In  this  study 
we  investigated  whether  a  targeting  ligand  can  be 
incorporated  into  these  vesicles  to  further  improve  their 
efficiency  in  intracellular  delivery  of  ODN.  Folate  was 
chosen  as  a  targeting  ligand  since  folate  receptors  have 
been  shown  to  be  overexpressed  in  a  number  of  cancer 
cells.  Folate  has  been  used  successfully  in  targeting  to 
tumors  various  types  of  agents  including  chemothera¬ 
peutic  drugs  {10),  radionucleotides  {14,  15),  ODN  {6,  16), 
DNA  {17,  18),  etc.  The  advantages  of  a  folate-targeting 
system  include  its  excellent  safety  profile  and  the  low 
immunogenicity.  Folate  receptors  have  also  been  shown 
to  mediate  efficient  internalization  of  free  folate  or  the 
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Figure  6.  Fluorescence  microscopic  examination  of  cellular  uptake  of  folate-targeted  lipidic  ODN.  KB  cells  were  seeded  at  a  density 
of  1  x  1  O'*  cells/well  in  a  4-well  Nalge  Nunc  Lab-Tek  chamber  slide  (Naperville,  IL)  and  kept  overnight  at  37  °C.  ODN,  free  or 
formulated  in  lipid  vesicles  with  or  without  a  folate  ligand,  were  added  at  a  Cy3-ODN  concentration  of  100  ng/mL.  In  one  well,  free 
folate  was  added  to  the  folate-targeted  lipidic  ODN  at  a  final  concentration  of  1  mM.  One  hour  following  the  incubation  at  37  °C  cells 
were  washed  three  times  with  PBS.  Cells  were  then  fixed  with  2%  paraformaldehyde  at  37  °C  for  20  min  and  further  washed  with 
PBS  three  times.  Cellular  uptake  of  Cy3-labeled  ODN  was  examined  under  a  Nikon  fluorescence  microscope  with  a  blue  filter  at 
200X  magnification.  A:  Lipidic  ODN  without  a  ligand;  B:  folate-targeted  lipidic  ODN;  C:  folate-targeted  lipidic  ODN  +  1  mM  free 
folate;  D:  free  ODN. 


Figure  7.  Effect  of  serum  on  ODN  uptake  by  KB  cells.  KB 
cells  were  seeded  to  a  24-well  plate  at  a  cell  density  of  2.5  x 
lOVwell  and  allowed  to  grow  overnight.  Various  concentrations 
of  folate-targeted  ODN  were  added  to  cells  in  the  presence  or 
absence  of  10%  FBS.  Cellular  uptake  of  ODN  was  then  evalu¬ 
ated  as  described  in  the  legend  to  Figure  2.  n  =  3, 

conjugates,  which  should  facilitate  intracellular  delivery 
of  the  therapeutic  agent.  Results  from  this  study  clearly 
show  that  incorporation  of  folate  into  the  ODN-containing 
vesicles  leads  to  a  significant  improvement  in  delivery 
of  ODN  to  KB  cells  that  overexpress  folate  receptors 
(Figures  5  and  6).  The  increase  in  the  ODN  uptake  was 
almost  completely  blocked  by  excess  amount  of  free  folate 
(Figures  5  and  6).  Conjugation  of  folate  led  to  little 
change  in  ODN  uptake  by  CHO  cells  that  are  negative 
for  folate  receptor  expression  (Figure  5).  These  studies 
clearly  indicate  that  targeted  delivery  of  ODN  to  KB  cells 
via  this  novel  lipid  vector  is  mediated  by  the  folate 
receptors. 


The  targeting  efficiency  of  folate-conjugated  vesicles  is 
affected  by  the  amount  of  input  folate-PEG-DSPE. 
Increasing  the  amount  of  folate  from  0  to  0.5  mol  %  was 
associated  with  a  significant  increase  in  ODN  uptake. 
However,  increasing  the  input  folate  beyond  0.5  mol  % 
was  not  associated  with  a  further  increase  in  the  cellular 
uptake  of  ODN  (Figure  2).  Interestingly,  the  targeting 
efficiency  of  folate-conjugated  vesicles  is  also  affected  by 
the  amount  of  input  ceramide— PEG  (Figure  3).  Ceram- 
ide-PEG  was  included  for  two  purposes:  (a)  to  render 
the  resulting  particles  long-circulating  in  the  blood,  and 
(b)  to  prevent  aggregation  during  the  preparation  of 
ODN-containing  lipid  vesicles,  particularly  when  the 
vectors  were  prepared  at  high  lipid  concentrations. 
However,  at  a  high  concentration  of  ceramide-PEG, 
substantial  amounts  of  PEG  have  been  shown  to  be 
excluded  from  the  lipid  vesicles  (7).  Similarly,  some  of 
the  input  folate  might  be  excluded  from  the  vesicles, 
which  may  lead  to  incoporation  of  less  than  sufficient 
amounts  of  folate  needed  to  achieve  efficient  targeting 
when  a  small  amount  of  input  folate— PEG— DSPE  is 
used.  This  may  explain  the  fact  that,  at  a  folate  concen¬ 
tration  of  0.1  mol  %,  the  efficiency  of  ODN  delivery  was 
decreased  dramatically  when  the  ceramide-PEG  was 
increased  to  above  2.5  mol  %  (Figure  3A).  This  problem, 
however,  can  be  resolved  by  increasing  the  amount  of 
input  folate— PEG— DSPE.  As  shown  in  Figure  3B,  in¬ 
creasing  the  amount  of  input  folate  from  0.1  to  1  mol  % 
resulted  in  a  full  recovery  of  targeting  efficiency  at  high 
concentrations  of  ceramide-PEG  (above  5  mol  %).  No 
purification  is  required  to  remove  the  free  folate-PEG- 
DSPE  from  the  folate-conjugated,  ODN-containing  lipid 
vesicles. 

Similar  to  liposomal  targeting  (10,  11),  the  efficiency 
of  ODN  delivery  via  the  new  lipid  vector  is  affected  by 
the  length  of  the  PEG  spacer.  This  might  be  due  to  the 
fact  that  the  PEG  coating  imposes  steric  hindrance  for 
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the  folate  to  interact  efficiently  with  the  folate  receptors 
on  the  cell  surface  when  a  short  PEG  spacer  (such  as 
2000  Da)  is  used.  This  interference  becomes  more  pro¬ 
nounced  with  increasing  amounts  of  ceramide  PEG 
(data  not  shown).  This  problem,  however,  can  be  resolved 
via  the  use  of  a  longer  PEG  spacer  between  the  folate 
and  the  lipid  anchor.  As  shown  in  Figure  4,  increasing 
the  length  of  PEG  spacer  from  2000  to  3500  Da  results 
in  a  significant  improvement  in  the  targeting  efficiency. 
Furthermore,  the  targeting  efficiency  of  the  resulting 
lipid  vectors  is  not  significantly  affected  by  the  amount 
of  the  input  ceramide  PEG  (Figure  3B). 

In  summary,  we  have  developed  a  novel  lipid  vector 
that  is  highly  efficient  in  delivering  ODN  to  tumor  cells 
that  overexpress  folate  receptor.  We  have  also  shown 
recently  that  this  vector  mediates  efficient  delivery  of 
ODN  to  mouse  lung  endothelial  cells  using  an  endothelial 
cell-specific  antibody  as  a  ligand  (Wilson  et  al.,  unpub¬ 
lished  data).  Currently  we  are  examining  the  targeting 
efficiency  of  this  vector  in  vivo. 
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Abstract 

A  major  problem  in  exploring  the  full  potential  of  antisense  ODN  is  the  lack  of  a  safe  and  efficient  delivery  system.  In  this 
study  a  new  method  has  been  developed  that  is  highly  efficient  in  encapsulating  ODN  inside  folate  receptor  (FR)-targeted  lipid 
vesicles.  ODN  formulated  in  these  vesicles  were  efficiently  protected  from  degradation  by  nucleases  compared  to  free  ODN. 
Folate  efficiently  mediated  intracellular  delivery  of  ODN  to  KB  tumor  cells  that  overexpress  FR.  Delivery  of  EGFR  antisense 
ODN  via  FR-targeted  lipid  vesicles  resulted  in  a  significant  down-regulation  of  EGFR  expression  in  KB  cells  and  cell  growth 
inhibition,  far  more  efficient  than  that  with  free  ODN  or  ODN  encapsulated  in  ligand-free  lipid  vesicles.  Intracellular  delivery  of 
EGFR  antisense  ODN  also  sensitized  KB  cells  to  doxorubicin  (DOX)  treatment.  Thus  targeted  delivery  of  ODN  via  this  novel 
lipid  vector  may  have  potential  in  treating  tumors  that  overexpress  FR. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Antisense  ODN  are  short  sequence  specific  sin¬ 
gle  stranded  DNA  molecules  designed  to  bind  to 
the  mRNA  of  the  target  protein  and  show  promise 
as  a  new  type  of  anticancer  therapeutics  [1,2].  Their 
successful  application  is  largely  dependent,  among 
others,  on  the  development  of  a  specific  delivery 
vehicle.  A  number  of  vectors  have  been  developed 
to  improve  their  cellular  uptake  such  as  cationic 
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liposomes  [3,4]  and  neutral  liposomes  [5].  Cationic 
liposomes  can  readily  form  complexes  with  ODN 
through  charge  interaction  and  almost  100%  of  the 
ODN  can  be  recovered  in  complexed  form  [3,4], 
The  resulting  cationic  liposome/ODN  complexes 
usually  carry  slight  excess  positive  charge,  which 
allows  efficient  interaction  with  the  negatively 
charged  cell  membrane  [3,4].  However,  due  to  the 
non-discriminative  nature  of  cationic  liposome/DNA 
complexes  in  interacting  with  cells,  targeted  deliv¬ 
ery  of  ODN  to  tumor  cells  via  systemic  route 
remains  problematic  [6,7].  Neutral  or  anionic  lip¬ 
osomes  poorly  interact  with  cells  and  a  targeting 
ligand  can  be  incorporated  to  achieve  cell-type- 
specific  delivery  [5,8].  These  formulations,  howev¬ 
er,  suffer  from  low  encapsulation  efficiency  due  to 
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the  limited  interior  size  of  liposomes  and  the  poor 
interaction  of  ODN  with  neutral  or  anionic  lipids. 
Cullis  and  colleagues  [9]  have  described  a  novel 
lipid  formulation  that  appears  to  overcome  this 
problem.  This  involves  the  use  of  an  ionizable 
cationic  lipid  that  has  a  pKa  around  6.5.  At  low 
pH  values  (e.g.  4.5)  it  is  positively  charged  and 
thus  efficiently  interacts  with  ODN  [9],  The  result¬ 
ing  cationic  lipid/ODN  complex  can  be  co-solubi- 
lized  with  other  neutral  lipids  in  a  citric  buffer 
containing  40%  of  ethanol.  Subsequent  removal  of 
ethanol  by  dialysis  results  in  the  formation  of 
ODN-containing  lipid  vesicles  via  a  self-assembling 
process.  The  positive  charge  of  the  vesicles  is  then 
neutralized  by  further  dialysis  against  a  HEPES 
buffer  of  pH  7.6  [9].  As  high  as  60-80%  of  the 
input  ODN  was  encapsulated  in  the  lipid  vesicles 
with  a  final  ODN/lipid  ratio  of  0.15-0.25  (w/w) 
[9].  These  ODN-containing  lipid  vesicles  were 
shown  to  be  long-circulating  in  blood  following 
intravenous  injection  [9].  It  has  been  recently  dem¬ 
onstrated  that  this  formulation  can  be  further  im¬ 
proved  via  inclusion  of  a  targeting  ligand  [10], 
Incorporation  of  a  folate  ligand  led  to  a  dramatic 
improvement  in  delivery  of  ODN  to  KB  cells  that 
overexpress  folate  receptors  (FR)  [10],  In  this  study, 
this  formulation  is  further  characterized  with  respect 
to  its  sensitivity  to  degradation  by  nucleases  and 
the  intracellular  trafficking.  Its  potential  in  deliver¬ 
ing  EGFR  antisense  ODN  to  KB  cells  was  also 
studied. 


2.  Materials  and  methods 

2.1.  Lipids  and  chemicals 

Distearoylphosphatidylcholine  (DSPC),  1,2-dio- 
leoyl-3-dimethylammonium  propane  (DODAP),  and 
jV-palmitoyl-sphingosinc- 1  -[succinyl  (methoxypoly- 
ethylene  glycol)  2000]  (PEG-CerC16)  were 
obtained  from  Avanti  Polar  Lipids  (Alabaster, 
AL).  Folic  acid,  doxorubicin  (DOX),  and  cholester¬ 
ol  (CH)  were  purchased  from  Sigma-Aldrich  (St. 
Louis,  MO).  All  lipids  were  >99%  pure.  Folate-free 
RPMI  1640  medium  and  other  tissue  culture 
reagents  were  purchased  from  Gibco-BRL  (Grand 
Island,  NY).  Distearoyl  phosphatidylethanolamine- 


PEG-folate  (DSPE-PEG-folate)  was  synthesized 
as  described  previously  [10], 

2.2.  Antisense  ODN 

All  ODN  were  synthesized  with  phosphoro- 
thioate  (PS)  backbone  chemistry  (The  Midland 
Certified  Reagent  Company,  Midland,  TX).  Some 
ODN  were  synthesized  with  a  5'-Cy3  label  for 
confocal  studies.  The  first  antisense  ODN  (5'-TAT- 
GATCTGTCACAGCTTGA-3')  [sODN  (1)]  was  di¬ 
rected  against  nucleotides  2457-2476  of  the  human 
EGFR  mRNA  [11],  The  second  antisense  ODN  (5'- 
CGGAGGGTCGCATCGCTG-3')  [sODN  (2)]  was 
directed  against  the  translation  start  site  and  sur¬ 
rounding  nucleotides  of  the  human  EGFR  gene 
[12],  The  sequence  of  control  ODN  is  5'- 
TCGCACCCATCTCTCTCCTTC-3'  [11], 

2.3.  Preparation  of  FR-targeted  ODN-containing 
vesicles 

FR-targeted  lipidic  ODN  were  prepared  as  de¬ 
scribed  previously  [10].  Briefly,  a  lipid  solution 
composed  of  DSPC,  CH,  DODAP,  and  PEG- 
CerC16  (25/45/20/10,  m/m)  in  100%  ethanol  was 
prepared.  For  preparation  of  FR-targeted  lipid 
vesicles  1  mol%  of  DSPE-PEG-folate  was  added. 
To  the  lipid  solution  was  then  added  300  mM  citric 
acid,  pH  4.0  to  a  final  ethanol  concentration  of 
40%  (v/v).  Similarly,  ODN  were  prepared  in  sepa¬ 
rate  tubes  in  300  mM  citric  acid,  pH  4.0  with  40% 
ethanol.  The  solutions  were  pre-warmed  to  65  °C 
and  then  the  lipid  solution  was  slowly  added  to  the 
ODN  with  gentle  vortexing.  The  input  ratio  was 
150  pg  ODN  per  pmol  lipid.  The  mixture  was 
passed  10  times  through  three  stacked  100  nm 
polycarbonate  filters.  The  preparation  was  dialyzed 
(12-14  kDa  cutoff)  against  300  mM  citrate  buffer, 
pH  4.0  for  approximately  1  h  to  remove  excess 
ethanol  and  further  dialyzed  against  HBS  (20  mM 
HEPES,  145  mM  NaCl,  pH  7.6)  for  12-18  h  to 
remove  the  citrate  buffer,  neutralize  the  DODAP 
and  release  any  ODN  that  were  associated  with  the 
surface  of  the  vesicles.  ODN-containing  lipid 
vesicles  were  finally  separated  from  free  ODN  via 
gel  filtration  on  a  Sepharose  CL-4B  column  (1 
cm  x  25  cm). 
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2.4.  Cell  culture  and  medium 

KB  human  cancer  cells,  derived  from  an  epider¬ 
mal  carcinoma  of  the  oral  cavity,  were  obtained 
from  American  Type  Culture  Collection  (ATCC, 
Rockville,  MD).  The  cells  were  maintained  in 
folatc-frec  RPMI  1640  medium  supplemented  with 
streptomycin  (100  pg/ml)  and  penicillin  (100  U/ml), 
and  10%  fetal  bovine  serum,  which  provides  the 
only  source  of  folate  (the  final  folate  concentration 
in  the  scrum-supplemented  medium  was  approxi¬ 
mately  physiological).  The  cells  were  cultured  as  a 
monolayer  in  a  humidified  atmosphere  containing 
5%  C02  at  37  °C. 

2.5.  Nuclease  protection  assays 

Phosphodicstcr  (PO)  ODN,  free  or  formulated  in 
FR-targctcd  lipid  vesicles,  were  incubated  at  37  °C 
with  excess  SI  nuclease (100  U  nuclease perpg ODN). 
At  various  times,  aliquots  were  removed,  placed  in 
proteinase  K  buffer  (10  mM  Tris,  pH  8.0,  100  mM 
NaCl,  25  mM  EDTA,  0.5%  SDS  and  1  mg/ml  protein¬ 
ase  K)  and  incubated  at  50  °C'  for  1  h.  Samples  were 
added  to  an  equal  volume  of  stop  buffer  (93.6% 
formamidc,  20  mM  EDTA.  0.05%  bromophenol  blue) 
and  analyzed  on  a  denaturing  20%  PAGE  gel  contain¬ 
ing  7  M  urea. 

2.6.  Intracellular  delivery  of  ODN  to  KB  cells  via  the 
FR-targeted  lipid  vesicles 

KB  cells  were  seeded  at  a  density  of  5  x  10''  cells 
per  well  in  a  8-well  Nalgc  Nunc  Lab-Tek  chamber 
slide  (Naperville.  IL)  and  kept  overnight  at  37  °C. 
sODN,  free  or  formulated  in  lipid  vesicles  with  or 
without  a  folate  ligand,  were  added  at  a  Cy3-sODN 
concentration  of  200  ng/ml  and  incubated  at  37  °C 
for  various  times  (5  and  15  min  and  1  h).  Cells  were 
washed  with  PBS  three  times  and  fixed  with  2% 
paraformaldehyde  at  4  °C  for  20  min  and  further 
washed  three  times  with  PBS.  Cells  were  permeabi- 
lizcd  with  Triton  X-100  (0.2%  v/v  in  PBS)  for  10 
min  at  RT.  After  another  three  w'ashes  with  PBS  cells 
were  stained  with  SYTOX  Green  to  label  the  nucleus 
and  then  observed  under  a  Lcica  TCS  NT  confocal 
microscope  with  a  60  x  oil  immersion  objective  at  a 
1024  x  1024  pixel  resolution. 


2. 7.  Immunofluorescence  analysis  of  EGFR  expres¬ 
sion  in  KB  cells  following  targeted  delivery  of  EGFR 
antisense  ODN 

KB  cells  were  treated  for  1  h  with  antisense 
sODN  (free  or  formulated  in  FR-targctcd  lipid 
vesicles)  at  a  concentration  of  3  pM  (folate  con¬ 
centration  around  0.1  pM)  and  then  cultured  in 
normal  medium  for  4  days.  Cells  were  fixed  in 
2%  paraformaldehyde  at  4  °C  for  20  min.  After 
three  washes  with  PBS  cells  were  incubated  in 
blocking  buffer  (0.2%  normal  goat  scrum  in  PBS) 
at  4  °C  for  1  h.  Cells  were  then  labeled  with 
mouse  anti-human  EGFR  monoclonal  antibody  (20 
pg/ml  in  blocking  buffer,  Santa  Cruz  Biotechnolo¬ 
gy,  Santa  Cruz,  CA)  for  1  h  at  RT.  Cells  were 
washed  with  PBS  three  times  and  then  reacted  with 
fluorescein-labeled  goat  anti-mouse  IgG  (10  pg/ml, 
Santa  Cruz  Biotechnology)  for  1  h  at  RT.  After 
another  three  washes  with  PBS  cells  were  examined 
under  a  fluorescence  microscope. 

2.8.  Western  blotting 

KB  cells  were  treated  for  1  h  with  antisense 
sODN  (free  or  formulated  in  FR-targeted  lipid 
vesicles)  at  a  concentration  of  3  pM  and  then 
cultured  in  normal  medium  for  4  days.  Cells  were 
scraped  and  analyzed  by  Western  blotting  as  de¬ 
scribed  [13].  Mouse  anti-human  EGFR  IgG  was 
purchased  from  Upstate  Biotechnology  (Lake  Plac¬ 
id,  NY,  USA).  Horseradish  peroxidase-conjugated 
anti-mouse  secondary  antibody  was  purchased  from 
Promcga  (Madison,  WI,  USA). 

2.9.  Effect  of  antisense  ODN  treatment  on  the  growth 
of  KB  cells 

Cytotoxicity  was  evaluated  by  both  trypan  blue  dye 
exclusion  assay  and  MTT  colorimetric  assay.  For  the 
former  assay,  KB  cells  were  seeded  to  a  24-wcll  plate  at 
a  cell  density  of  2  x  104  per  well  and  allowed  to  grow 
overnight,  sODN,  free  or  formulated  in  FR-targeted 
lipid  vesicles,  were  added  to  the  cells  at  a  final 
concentration  of  3  pM.  Following  incubation  at  37 
°C  for  1  h,  cells  were  washed  with  PBS  twice  and  then 
continued  to  culture  in  normal  medium  and  the  cell 
numbers  were  counted  at  days  2,  4  and  6. 
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Fig.  1 .  Nuclease  protection  assays.  ODN,  free  or  formulated  in  FR- 
targeted  lipid  vesicles  were  incubated  with  or  without  SI  nuclease  in 
digestion  buffer  at  37  °C  for  5  or  30  min  and  were  then  examined 
for  their  integrity  on  PAGE  gel.  A  and  G,  free  ODN;  B,  free  ODN 
incubated  in  digestion  buffer  without  SI  nuclease  for  30  min;  C. 
free  ODN  incubated  with  SI  nuclease  for  5  min;  D,  free  ODN 
incubated  with  SI  nuclease  for  30  min;  E,  lipidic  ODN  incubated 
with  SI  nuclease  for  30  min;  F,  lipidic  ODN  incubated  in  digestion 
buffer  without  SI  nuclease  for  30  min. 

ForMTT colorimetric  assay  KB  cells  were  seeded  to 
a  96-well  plate  at  a  cell  density  of  0.5  x  103  per  well 
and  allowed  to  grow  overnight.  Cells  then  received 


sODN  treatment  as  described  above.  Cytotoxicity  at 
day  4  was  examined  by  MTT  assay  as  described 
previously  [14]. 

For  repeated  dosing  experiment  KB  cells  were 
seeded  to  a  24-well  plate  at  a  cell  density  of  2  x  104 
per  well  and  allowed  to  grow  overnight.  Cells  received 
sODN  treatment  as  described  above  twice  at  days  0  and 
3,  and  the  cell  numbers  were  counted  at  day  7. 

2.10.  Effect  of  combined  treatment  of  targeted 
antisense  therapy  and  chemotherapy  on  KB  cells 

KB  cells  were  seeded  to  a  96-well  plate  and 
exposed  to  FR-targeted  lipidic  sODN  at  an  ODN 
concentration  of  0.3  or  1.5  pM.  Two  days  later  cells 
were  exposed  to  DOX  at  a  concentration  of  50  ng/ml. 


Fig.  2.  Intracellular  delivery  of  ODN  to  KB  cells  via  the  FR-targeted  lipid  vesicles.  KB  cells  were  treated  with  FR-targeted  lipidic  sODN  for  5 
min  (Panel  B),  1 5  min  (Panel  C)  or  1  h  (Panel  D).  Control  cells  were  treated  with  ODN  formulated  in  ligand-free  lipid  vesicles  for  2  h  (Panel  A). 
Intracellular  distribution  of  Cy3-Iabeled  sODN  was  then  examined  under  a  confocal  fluorescence  microscope.  The  green  color  represents  the 
SYTOX  Green-stained  nuclei,  while  the  reddish  color  represents  the  Cy3-sODN. 
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After  another  48  h  cytotoxicity  was  examined  by 
MTT  assay. 

2.11.  Statistical  analysis 

Data  were  expressed  as  mean  ±  standard  deviation 
(S.D.)  and  analyzed  by  the  two-tailed  impaired  Stu¬ 
dent's  /-test  using  the  PRISM  software  program 
(GraphPad  Software.  San  Diego.  CA).  Data  were 
considered  significant  il'/3<0.()5  (*). 


3.  Results 

3.1.  ODN  formulated  in  FR-targeted  lipid  resides 
were  efficiently  protected  from  degradation  by 
nucleases 

FR-targctcd.  ODN-containing  lipid  vesicles  were 
prepared  as  previously  described  [10],  One  mol% 
of  DSPE-PEG --folate  was  used  as  this  consistently 


EGFR 

p-actin 
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Fig.  4.  Western  analysis  of  HCiFR  expression  in  KB  cells  following 
targeted  delivery  of  HGFR  antisense  ODN.  Cells  were  treated  with 
s()DN  ( I ).  free  or  formulated  in  FR-targeted  lipid  vesicles  for  I 
li  and  then  cultured  in  normal  medium.  Expression  of  EGFR  in  KB 
cells  4  days  following  ODN  treatment  was  then  examined  by 
Western  blotting  using  anti-HGFR  antibody.  A,  KB  cells  without 
any  treatment:  B.  KB  eells  treated  with  free  control  sODN;  C.  KB 
cells  treated  with  control  sODN  formulated  in  FR-targeted  lipid 
vesicles:  D.  KB  cells  treated  with  free  EGFR  antisense  sODN  ( 1 );  E, 
KB  cells  treated  with  antisense  sODN  (1)  formulated  in  FR-targeted 
lipid  vesicles. 


gave  rise  to  lipid  vesicles  that  were  efficiently  taken 
up  by  KB  cells  [10].  For  nuclease  protection  assay, 
ODN  of  PO  backbone  were  used.  As  shown  in  Fig. 
I,  free  ODN  were  rapidly  degraded  by  nuclease  SI. 
No  intact  ODN  could  be  detected  on  PAGE  gel 


Fig.  3.  Immunofluorescence  analysis  of  EGFR  expression  in  KB  cells  following  targeted  delivery  of  HGFR  antisense  ODN.  Cells  were  treated 
with  sODN.  free  or  formulated  in  I  R-targetcd  lipid  vesicles  for  1  It  and  then  cultured  in  normal  medium.  Expression  of  EGFR  in  KB  cells  4  days 
following  ODN  treatment  w as  then  examined  by  an  indirect  immunofluorescence  staining  using  mouse  anti-human  EGFR  antibody.  A,  KB  cells 
without  any  treatment;  B.  KB  cells  treated  with  free  EGFR  antisense  sODN  (I);  C.  KB  cells  treated  with  control  sODN  formulated  in  FR- 
targeted  lipid  vesicles:  D.  KB  cells  treated  with  antisense  sODN  (1)  formulated  in  FR-targeted  lipid  vesicles. 
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I’iji.  5.  Filed  of  simile  dosing  of  B(il  R  antisense  ODN  on  the  KB  eell  growth:  KB  cells  were  seeded  to  a  24-well  plate  al  a  cell  density  of 
2  x  I  O’  per  well  and  allowed  to  grow  overnight.  s()i)N  ( i ).  free  or  formulated  in  I :R -targeted  lipid  vesicles  were  added  to  the  cells  at  a  final 
concentration  of  3  pM.  following  incubation  at  32  ('  for  1  h.  cells  were  washed  with  PBS  twice  and  then  continued  to  culture  in  normal 
medium  and  the  cell  numbers  were  counted  at  days  2.  4  and  6  (Panel  A).  In  a  separate  experiment  KB  cells  were  seeded  to  a  96-well  plate  at  a 
cell  density  of  0.5  a  10'  per  well  and  allowed  to  grow  overnight.  Cells  then  received  sODN  treatment  as  described  above  and  the  cytotoxicity 
was  examined  by  a  M’lT  colorimetric  assay  4  days  following  ODN  treatment  (Panel  B).  ASODN  (1 ),  free  HGf'R  antisense  ODN  (1);  ASODN 
(2),  free  B(  H  R  antisense  ODN  (2):  F-ASODN  ( I ).  PXiPR  antisense  sODN  ( I )  formulated  in  FR-targctcd  lipid  vesicles;  1 '-ASODN  (2),  BGI'R 
antisense  sODN  (2)  formulated  in  PR-targeted  lipid  vesicles.  C'onODN,  control  sODN;  B-ConODN,  control  sODN  formulated  in  BR-targeted 
lipid  vesicles.  */*•  0.05  (vs.  free  ODN). 
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even  5  min  following  incubation  with  the  nuclease. 
In  contrast,  ODN  formulated  in  FR-targeted  lipid 
vesicles  were  fully  protected  from  the  degradation 
by  nuclease  SI.  Greater  than  90%  of  the  vesicle- 
associated  ODN  remained  intact  30  min  following 
incubation  with  nuclease  SI  suggesting  that  ODN 
were  largely  encapsulated  inside  the  lipid  vesicles. 

3.2.  Efficient  intracellular  delivery  of  ODN  to  KB 
cells  via  the  FR-targeted  lipid  vesicles 

It  has  been  previously  shown  that  FR-targeted 
lipidic  ODN  were  selectively  taken  up  by  KB  cells 
that  overexpress  FR  [10].  In  this  study,  intracellular 
distribution  of  the  sODN  was  further  examined 
under  a  confocal  fluorescence  microscope  at  differ¬ 
ent  times  following  addition  of  FR-targeted  lipidic 
sODN  to  KB  cells  (Fig.  2).  Binding  of  lipidic 
sODN  to  KB  cells  and  their  internalization  were 
observed  as  early  as  5  min  following  addition  to 
the  cells  (Panel  B).  The  cell-associated  fluorescence 
intensity  increased  with  time  (Panels  B-D).  Inter¬ 
estingly,  in  addition  to  their  increase  in  cytoplasmic 
distribution,  sODN  were  also  found  to  be  accumu¬ 
lated  in  the  nucleus  in  a  time-dependent  manner 
(Panels  B-D).  In  contrast  there  was  little  cellular 
uptake  by  KB  cells  when  sODN  were  formulated  in 
ligand-free  lipid  vesicles  (Panel  A). 


3.3.  Down-regulation  ofEGFR  expression  in  KB  cells 
following  targeted  delivery  of  EGFR  antisense  ODN 

Two  antisense  ODN  [sODN  (1)  and  sODN  (2)] 
were  examined  in  this  study.  Both  sequences  have 
been  shown  to  be  effective  in  down-regulating  EGFR 
expression  in  tumor  cells  when  given  for  a  prolonged 
period  of  time  [11,12],  In  this  study  cells  were  treated 
with  sODN  (free  or  formulated  in  FR-targeted  lipid 
vesicles)  for  only  1  h  and  then  cultured  in  normal 
medium  for  4  days.  A  short-term  treatment  was 
employed  to  mimic  the  in  vivo  situation  where  sys- 
temically  administered  ODN  are  expected  to  have 
limited  interactions  with  tumors.  Fig.  3  shows  the 
expression  of  EGFR  in  KB  cells  following  treatment 
with  sODN  (1),  free  or  formulated  in  FR-targeted  lipid 
vesicles.  Incubation  of  KB  cells  with  free  sODN  for  a 
short  period  of  time  had  minimal  effect  on  EGFR 
expression  (Panel  B).  Control  sODN,  formulated  in 
FR-targeted  lipid  vesicles,  had  no  effect  either  on 
EGFR  expression  (Panel  C).  In  contrast,  a  dramatic 
reduction  in  EGFR  expression  occurred  when  KB 
cells  were  treated  with  the  sODN  (1)  that  were 
formulated  in  FR-targeted  lipid  vesicles  (Panel  D). 
Similar  results  were  found  for  sODN  (2)  (data  not 
shown).  Down-regulation  of  EGFR  following  sODN 
treatment  was  further  confirmed  by  Western  analysis 
(Fig.  4).  Again,  FR-targeted  antisense  sODN  but  not 


Fig.  6.  Effect  of  repeated  dosing  of  EGFR  antisense  ODN  on  the  KB  cell  growth:  KB  cells  were  seeded  to  a  24-well  plate  at  a  cell  density  of 
2  x  104  per  well  and  allowed  to  grow  overnight.  Cells  then  received  sODN  treatment  as  described  in  the  legend  to  Fig.  5  twice  at  days  0  and  3, 
and  the  cell  numbers  were  counted  at  day  7.  *P<0.05  (vs.  single  dose). 
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other  controls  significantly  inhibited  EGFR  expres¬ 
sion.  In  contrast,  no  significant  difference  was  found 
among  these  groups  with  respect  to  p-actin  levels 
(Fig.  4). 

3.4.  Effect  of  antisense  treatment  on  the  cell  growth  of 
KB  cells 

Fig.  5 A  shows  the  growth  curve  of  KB  cells  at 
different  times  following  a  single  treatment  with 
EGFR  antisense  sODN  (1),  free  or  formulated  in 
FR-targeted  lipid  vesicles.  There  was  a  significant 
growth  inhibition  at  day  4  in  the  cells  treated  with 


FR-targeted  antisense  sODN  compared  to  cells 
treated  with  control  sODN,  free  or  formulated  in 
FR-targeted  lipid  vesicles.  Free  antisense  sODN  had 
no  effect  either  in  inhibiting  the  KB  cell  growth 
(Fig.  5A).  MTT  colorimetric  assay  (Fig.  5B)  con¬ 
firmed  the  results  of  trypan  blue  assay  (Fig.  5A). 
Incorporation  of  either  sODN  (1)  or  sODN  (2)  into 
FR-targeted  lipid  vesicles  resulted  in  a  dramatic 
increase  in  their  biological  activity  (Fig.  5B).  How¬ 
ever,  there  was  a  rebound  in  KB  cell  growth 
thereafter  and  there  was  no  significant  difference 
in  the  cell  numbers  at  day  6  between  free  sODN 
group  and  the  group  treated  with  FR-targeted  lipidic 


F-AS  ODN  (1)  F-ConODN  F-AS  ODN  (1)  +  DOX  F-ConODN  +  DOX 


Fig.  7.  Targeted  delivery  of  EGFR  antisense  ODN  sensitizes  KB  cells  to  DOX  treatment:  KB  cells  were  seeded  to  a  96-well  plate  and  exposed  to 
FR-targeted  lipidic  sODN  at  an  ODN  concentration  of  0.3  or  1.5  pM.  Two  days  later  cells  were  washed  with  PBS  twice  and  then  exposed  to 
DOX  in  medium  at  a  final  concentration  of  50  ng/ml.  After  another  48  h  cytotoxicity  was  examined  by  MTT  assay.  Controls  received  treatment 
with  FR-targeted  lipidic  ODN  or  DOX  alone. 
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sODN  (Fig.  5A).  To  examine  whether  a  prolonged 
tumor  growth  inhibition  can  be  achieved  by  repeat¬ 
ed  dosing,  KB  cells  were  treated  with  EGFR 
antisense  or  control  sODN  at  days  0  and  3  and 
the  cell  numbers  were  counted  at  day  7.  As  shown 
in  Fig.  6,  repeated  dosing  was  much  more  efficient 
than  single  dosing  in  inhibiting  the  KB  cell  growth. 
Control  sODN,  free  or  formulated  in  FR-targeted 
lipid  vesicles,  were  not  effective  in  inhibiting  the 
tumor  cell  growth  (Fig.  6).  There  was  no  significant 
difference  either  between  antisense  and  control 
group  in  cell  numbers  at  day  7  when  cells  received 
only  a  single  treatment  (Fig.  6). 

3.5.  Targeted  delivery  of  EGFR  antisense  ODN 
sensitizes  KB  cells  to  DOX  treatment 

It  has  been  shown  that  inhibition  of  EGFR 
function  can  sensitize  cancer  cells  to  chemotherapy 
[11,15].  In  this  study  studies  were  conducted  to 
whether  targeted  delivery  of  EGFR  antisense  ODN 
can  similarly  sensitize  KB  cells  to  DOX,  a  com¬ 
monly  used  anticancer  drug.  Fig.  7  shows  the 
effect  on  KB  cells  of  treatment  with  EGFR  anti- 
sense  sODN,  DOX,  or  a  combination  of  both.  FR- 
targeted  antisense  sODN,  at  a  concentration  of  0.3 
pM,  had  minimal  effect  on  the  growth  of  KB  cells. 
DOX,  at  the  concentration  of  50  ng/ml,  only  had  a 
moderate  inhibitory  effect  on  KB  cell  growth. 
However,  the  combination  of  the  two  treatments 
resulted  in  a  significant  improvement  in  the  inhi¬ 
bition  of  KB  cell  growth  (Fig.  7A).  The  sensitizing 
effect  of  antisense  treatment  appears  to  be  dose- 
dependent  since  increasing  the  dose  of  FR-targeted 
antisense  sODN  led  to  an  increase  in  the  inhibitory 
effect  of  the  combination  therapy  (Fig.  7B).  Con¬ 
trol  ODN  formulated  in  lipid  vector  or  lipid  vector 
alone  had  no  effect  in  sensitizing  the  DOX  treat¬ 
ment  (Fig.  7A). 


4.  Discussion 

The  present  study  con  finned  the  work  of  Semple 
and  colleagues  [9]  that  ODN  can  be  quantitatively 
incorporated  into  lipid  vesicles  via  a  method  that 
utilizes  an  ionizable  aminolipid  and  an  ethanol-con¬ 
taining  buffer  system.  It  has  also  extended  their  work 


by  demonstrating  that  a  targeting  ligand  can  be 
incorporated  into  the  lipid  vesicles  to  improve  the 
intracellular  delivery  of  ODN  to  target  cells.  The 
lipidic  ODN  were  fully  protected  from  the  degrada¬ 
tion  by  nucleases  (Fig.  1)  suggesting  that  ODN  were 
largely  encapsulated  inside  the  lipid  vesicles. 

Folate  was  chosen  as  a  targeting  ligand  since  FRs 
have  been  shown  to  be  overexpressed  in  a  number  of 
cancer  cells.  Folate  has  been  used  successfully  in 
targeting  to  tumors  various  types  of  agents  including 
chemotherapeutic  drugs  [16],  radionucleotides 
[17,18],  ODN  [5,19],  DNA  [20-22],  etc.  The  advan¬ 
tages  of  the  folate-targeting  system  include  its  excel¬ 
lent  safety  profile  and  the  low  immunogenicity.  FRs 
have  also  been  shown  to  mediate  efficient  internali¬ 
zation  of  free  folate  or  the  conjugates,  which  should 
facilitate  intracellular  delivery  of  the  therapeutic 
agents. 

Imaging  studies  showed  that  ODN  formulated  in 
FR-targeted  lipid  vesicles  were  efficiently  taken  up  by 
KB  cells  (Fig.  2).  Also  noted  is  that  ODN  were 
accumulated  in  the  nucleus  in  a  time-dependent  man¬ 
ner  (Fig.  2)  suggesting  that  ODN  were  efficiently 
released  into  cytosol  from  endosome  following  endo- 
cytosis.  The  mechanism  by  which  ODN  were  escaped 
from  endosomes  is  not  clearly  understood  at  present. 
This  may  be  due  to  the  pH-sensitive  nature  of 
DODAP  since  it  has  a  p K.d  around  6.5.  A  previous 
study  by  Budker  et  al.  [23]  has  shown  that  cationic, 
pH-sensitive  liposomes  mediate  transfection  in  an 
endosome  acidification-dependent  manner.  It  has  been 
speculated  that  charged  lipids  may  segregate  from 
neutral  lipids  when  mixing  cationic  liposomes  with 
plasmid  DNA  [24].  Likewise,  it  was  speculated  that 
pH-sensitive  cationic  lipids  may  dissociate  from  the 
vector  when  they  become  fully  charged,  such  as  in  the 
acidic  endosomal  environment  [24],  Released  cationic 
lipids  may  then  participate  in  the  process  of  endosome 
disruption  via  their  detergent  properties.  ODN  formu¬ 
lated  in  the  DODAP-based  lipid  vesicles  may  be 
escaped  from  endosomes  via  a  similar  mechanism. 
The  released  ODN  in  the  cytosol  were  then  trans¬ 
ported  to  the  nucleus  due  to  their  efficient  transloca¬ 
tion  across  the  nuclear  membrane  [25].  More  studies 
are  required  to  better  understand  the  mechanism  of 
endosomal  escape. 

After  demonstrating  efficient  intracellular  deliv¬ 
ery  of  ODN  via  the  FR-targeted  lipid  vesicles,  their 
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therapeutic  application  was  then  investigated  using 
anti-EGFR  ODN  as  a  model.  EGFR  is  overex¬ 
pressed  in  a  variety  of  human  cancers  including 
KB  cells  [26]  and  EGFR  signaling  has  been  shown 
to  cause  increased  proliferation,  decreased  apopto¬ 
sis,  and  enhanced  tumor  cell  motility  and  neo¬ 
angiogenesis  [27-29],  EGFR  antisense  ODN  have 
been  developed  as  a  new  therapeutics  for  the 
treatment  of  cancers  that  overexpress  EGFR 
[11,12],  In  this  study,  it  was  examined  whether 
improving  the  intracellular  delivery  of  EGFR  anti- 
sense  ODN  via  FR-targeted  lipid  vesicles  will  lead 
to  an  improved  anti-tumor  activity.  A  short-term 
treatment  (1  h  pre-incubation)  was  adapted  to  mim¬ 
ic  the  in  vivo  situation  since  systemically  adminis¬ 
tered  lipidic  ODN  are  expected  to  have  limited 
interaction  with  tumors.  Fig.  5  shows  that  targeted 
delivery  of  anti-EGFR  ODN  to  KB  cells  led  to  a 
significant  growth  inhibition,  much  more  efficient 
than  free  ODN  or  ODN  formulated  in  ligand-free 
lipid  vesicles.  The  antitumor  effect  was  transient 
and  there  was  a  rebound  in  cell  growth  after  a 
maximal  inhibition  at  day  4  (Fig.  5A).  Similar 
observations  were  found  in  other  studies  [5].  How¬ 
ever,  sustained  growth  inhibition  can  be  achieved 
via  repeated  dosing  (Fig.  6).  Eventually  EGFR 
antisense  therapy  can  be  combined  with  other 
therapies  such  as  chemotherapy  to  achieve  better 
therapeutic  effects  [11],  As  shown  in  Fig.  7,  tar¬ 
geted  delivery  of  EGFR  antisense  ODN  greatly 
enhanced  the  sensitivity  of  KB  cells  to  DOX 
treatment.  A  much  lower  dose  of  DOX  was  re¬ 
quired  to  achieve  an  efficient  tumor  cell  killing  in 
the  combination  treatment  group.  Thus  combination 
of  chemotherapy  with  EGFR  antisense  treatment  is 
expected  to  maximize  the  antitumor  effect  while 
minimizing  the  chemodrug-related  toxicity. 

Targeted  delivery  of  anti-EGFR  ODN  to  KB  cells 
has  previously  been  demonstrated  with  neutral  lip¬ 
osomes  conjugated  with  folate.  The  potential  advan¬ 
tages  of  the  new  vector  compared  to  the  former 
formulation  include  (a)  significantly  improved  ODN 
entrapment  efficiency,  and  possibly  (b)  efficient  re¬ 
lease  of  ODN  from  endosome  into  cytosol.  Interest¬ 
ingly,  despite  improved  intracellular  delivery  of  ODN 
to  KB  cells  in  vitro,  the  folate-conjugated  neutral 
liposomes  failed  to  improve  the  delivery  of  ODN  to 
established  KB  tumor  in  intact  mice  [19].  It  remains  to 


be  tested  whether  the  new  vector  reported  in  this  study 
can  efficiently  mediate  delivery  of  ODN  to  target  cells 
in  vivo. 

In  summary,  a  novel  lipid  vector  has  been  devel¬ 
oped  that  is  highly  efficient  in  delivering  ODN  to 
tumor  cells  that  overexpress  FR.  Delivery  of  anti- 
EGFR  ODN  via  this  vector  resulted  in  down-regula¬ 
tion  of  EGFR  expression  in  KB  cells  and  growth 
inhibition.  This  formulation  may  hold  promise  for 
targeted  delivery  of  antisense  ODN  for  the  treatment 
of  tumors  that  overexpress  FR. 
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ABSTRACT 

Certain  human  malignancies  including  prostate  cancer  overexpress  sigma  receptor,  a  membrane 
bound  protein  that  binds  haloperidol  and  various  other  neuroleptics  with  high  affinity.  An 
anisamide  derivatized  ligand  possesses  high  affinity  for  sigma  receptors  and  we  hypothesized 
that  its  incorporation  into  the  liposomes  encapsulating  Doxorubicin  (DOX)  can  specifically 
target  and  deliver  the  drug  to  prostate  cancer  cells  that  overexpress  sigma  receptors.  A 
polyethylene  glycol  phospholipid  was  derivatized  with  an  anisamide  ligand,  which  was  then 
incorporated  into  the  DOX-loaded  liposome.  The  resulting  anisamide-conjugated  lipoosmal 
DOX  showed  significantly  higher  toxicity  to  DU-145  cells  than  non-targeted  liposomal  DOX, 
the  IC50  being  1.8  pM  and  14  pM  respectively.  The  cytotoxicity  of  the  targeted  liposomal  DOX, 
however,  was  significantly  blocked  by  haloperidol,  suggesting  that  the  enhanced  cytotoxicity 
was  specifically  mediated  by  the  sigma  receptors.  Fluorescence  imaging  studies  following 
intravenous  administration  showed  that  incorporation  of  anisamide  into  liposomes  significantly 
improved  their  accumulation  into  the  tumor.  A  weekly  injection  of  the  targeted  liposomal  DOX 
for  four  weeks  at  a  dose  of  7.5  mg/kg  led  to  a  significant  growth  inhibition  of  established  DU- 
145  tumor  in  nude  mice  with  minimal  toxicity.  Free  DOX  was  effective,  but  associated  with 
significant  toxicities.  The  present  study  is  the  first  to  demonstrate  the  use  of  small  molecular 
weight  ligand  for  mediating  efficient  targeting  of  liposomal  drugs  to  sigma  receptor  expressing 
prostate  cancer  cells  both  in  vitro  and  in  vivo. 

Keywords:  sigma  receptor,  prostate  cancer,  anisamide,  PEG-liposome,  drug-targeting. 
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INTRODUCTION 

Sigma  receptors  are  well  known  membrane-bound  proteins,  which  show  high  affinity  for 
neuroleptics  (1).  These  receptors  are  expressed  on  normal  tissues,  such  as  liver,  endocrine 
glands,  kidneys,  lungs,  gonads,  central  nervous  system  and  ovaries  (2,3).  Physiological  role  of 
these  receptors  in  these  normal  tissues  is  largely  unknown  so  far.  Interestingly,  a  diverse  set  of 
human  tumors,  such  as  melanoma,  non-small  cell  lung  carcinoma,  breast  tumors  of  neural  origin, 
and  prostate  cancer  overexpress  sigma  receptors  (4-10).  Also  interesting  is  the  observation  that 
benzamides  exhibit  a  high  affinity  to  sigma  receptor  expressing  cells.  This  suggests  the  prospect 
of  using  these  sigma-receptor  binding  ligands  for  the  diagnosis  and  targeted  therapy  of  a  variety 
of  tumors  including  prostate  cancer  (9,10).  Indeed,  several  novel  benzamide  derivatives  have 
been  developed  that  show  promise  as  tumor-imaging  agents  (9,10).  However,  sigma  ligand  has 
not  yet  been  used  to  target  anticancer  drugs  to  tumors. 

Liposomes  have  long  been  used  as  a  vehicle  for  targeting  drugs  and  other  biologically  active 
molecules.  Monoclonal  antibody  can  be  conjugated  to  liposomes.  The  resulting  immunoliposome 
showed  specific  targeting  to  tumor  cells  both  in  vitro  (11-13)  and  in  animal  models  (14-17).  The 
triggered  release  property  of  the  immunoliposome  is  further  improved  by  designing  pH-sensitive 
immunoliposome  (18,19),  heat-sensitive  immunoliposome  (20),  and  target-sensitive 
immunoliposome  (21).  We  have  also  shown  that  the  stealth  property  that  arises  by  the  inclusion 
of  grafted  polyethyleneglycol  (PEG)  can  be  added  to  the  immunoliposome  to  further  improve  its 
in  vivo  targeting  efficiency  (22).  Such  liposome  has  been  used  to  deliver  anticancer  drugs  to  the 
pulmonary  metastatic  tumor  cells  (23,24). 

In  this  study,  we  have  investigated  whether  small  molecular  weight  anisamide  can  be  used  as 
a  ligand  to  target  liposomal  drugs  to  sigma  receptor  overexpressing  prostate  cancer  cells.  These 
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anisamide  molecules  are  chemically  conjugated  with  phospholipids  with  a  polyethylene  glycol 
(PEG)  spacer  in-between.  These  ligand-conjugated  PEG  lipids  are  included  along  with  other 
neutral  lipids  to  form  long  circulating  and  targeted  liposomes.  It  is  expected  that  a  properly 
designed  ligand  with  high  and  selective  affinity  for  the  sigma  receptor  will  allow  efficient 
interaction  with  sigma  receptor  expressing  cells  subsequent  to  incorporation  of  the  ligand  on  the 
liposome  surface.  This  formulation  has  an  added  advantage  of  stabilizing  the  encapsulated  drug 
because  PEG  is  known  to  prolong  the  circulation  times  of  the  liposome  in  vivo  (25,26).  To  this 
end,  we  have  incorporated  an  anisamide  derivatized  PEG-phospholipid  in  the  liposome 
formulation  with  the  anisamide  ligand  protruding  on  the  liposome  surface  via  a  PEG  spacer.  We 
have  studied  the  binding  of  this  liposome  to  the  human  prostate  carcinoma  cells,  and  the  drug 
delivery  properties  of  this  novel  targeted  liposome  in  a  xenograft  animal  tumor  model. 
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MATERIALS  AND  METHODS 

Chemicals  and  General  Procedures: 

Phospholipids  such  as  palmitoleylphosphatidyl  choline  (POPC),  DSPE-PEG(2000)-OCH3 
and  rhodamine-PE  were  purchased  from  Avanti  Polar  Lipids  (Birmingham,  Al).  DSPE- 
PEG(3400)-NH2  (purity,  >70%  by  wt)  was  a  generous  gift  from  NOF  Corporation,  Japan  and 
was  used  without  further  purification.  Cholesterol,  Sepharose-4B,  trypsin-EDTA  solution,  3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT),  dimethylsulfoxide  (DMSO) 
were  purchased  from  Sigma  Chemical  Co.  (St.  Louis,  MO).  All  the  chemicals  and  organic 
solvents  required  for  synthesis  were  purchased  from  either  Aldrich  (Milwaukee,  WI)  or  Fisher 
Scientific  (Pittsburgh,  PA).  They  were  used  without  further  purification.  DOX  was  purchased 
from  either  Aldrich  or  ICN  Biomedicals  (Aurora,  OH).  *H  NMR  spectra  were  recorded  on  a 
Bruker  FT  300  MHz  and  Varian  FT  400  MHz  instrument. 

Cell  Culture: 

DU- 145  human  prostate  adenocarcinoma  cell  line  was  purchased  from  American  Type 
Culture  Collection  (Rockville,  MD)  and  was  mycoplasma  free.  Cells  were  cultured  in  MEM 
medium  (ATCC)  containing  10%  fetal  bovine  serum  (Invitrogen,  Carlsbad,  CA)  and  1% 
penicillin-streptomycin  at  37°C  in  a  humidified  atmosphere  of  5%  CO2  in  air.  Cultures  of  85- 
90%  confluency  were  used  for  all  of  the  experiments.  The  cells  were  trypsinized,  counted, 
subcultured  into  96-well  plates  for  viability  studies,  6-well  plates  for  liposome  binding  studies, 
and  4-well  slide-plates  for  qualitative  fluorescence  microscopic  studies.  The  cells  were  allowed 
to  adhere  overnight  before  using  for  experiments. 
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Syntheses  of  Ligands: 

Synthesis  of  DSPE-PEG-SP3-AA:  The  synthesis  was  carried  out  according  to  the  following 
synthetic  scheme:  A)  The  compound  4-methoxy-N-(2-oxo-ethyl)-benzamide  (I)  was  obtained  by 
two  steps:  i)  reacting  anisic  acid  (1.17  g,  8.2  mmole)  with  2-aminoacetaldehydediethylacetal  (1.0 
g,  7.5mmole)  in  dicholoromethane  and  in  the  presence  of  DCC  (1.7  g,  8.2  mmole),  DMAP  (500 
mg,  4.09  mmol)  for  24  h,  followed  by  silica  gel  column  chromatographic  purification  using  ethyl 
acetate/Petroleum  ether  as  eluting  solvent  mixture,  ii)  refluxing  the  resulting  purified  compound 
in  25  %  aqueous  solution  in  acetone  at  pH  2  for  1.5h,  further  neutralizing  and  extracting  the 
aldehyde  I  with  chloroform  in  organic  phase.  The  overall  yield  was  77%.  B)  I  (355  mg,  1.93 
mmol)  was  refluxed  under  N2  for  2  h  with  4-aminobutyric  acid  (166.5  mg,  1.61  mmol)  in  dry 
methanol  in  the  presence  of  anhydrous  MgSC>4.  The  reaction  mixture  was  cooled  and  to  it 
sodium  cyanoborohydride  was  added  in  excess  and  stirred  as  such  for  2h.  The  compound  7-[2- 
(4-methoxy-benzylamino)-ethylamino]-heptanoic  acid  (II)  was  purified  by  silica  gel  column 
chromatography  using  methanol/chloroform  eluting  solvent  mixture.  The  purified  yield  was 
20%.  All  the  intermediate  products  except  I  were  characterized  by  NMR  spectroscopy.  C) 
Compound  II  (40  mg,  0.148  mmol)  was  reacted  with  DSPE-PEG-NH2  (50  mg,  0.0125  mmol)  in 
dichloromethane  and  in  the  presence  of  DCC  (5  mg,  0.024  mmol)  &  DMAP  (3  mg,  0.024  mmol) 
under  N2  at  room  temperature  for  24  h.  The  dichloromethane  was  evaporated  and  the  whole 
content  was  taken  in  acetone  and  kept  at  -20°C.  The  product  precipitated  out.  The  yield  of  the 
PEG  lipid  was  calculated  based  on  the  amount  of  phosphate  determined  in  the  mixture  (yield  = 
50%).  The  overall  reaction  yield  of  DSPE-PEG-SP3-AA  was  7%.  During  the  liposome 
preparation  (see  below),  the  ligand-conjugated  PEG-lipid  was  added  according  to  the  phosphate 
concentration.  After  the  liposome  formation  the  absorbance  at  255nm  (knVdX  for  anisamide, 
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8=14832)  was  measured  and  from  this  value  the  absorbance  value  at  255nm  for  the  ligand-free 
liposome  was  subtracted.  The  amount  of  ligand  attached  to  the  liposome  was  then  calculated 
based  on  the  difference  in  the  absorbance  at  255  nm. 

Synthesis  of  DSPE-PEG-SP2-AA.  The  synthesis  was  carried  out  according  to  the  following 
synthetic  scheme.  Briefly,  N-(2-bromo-ethyl)-4-methoxy-benzamide  [synthesized  according  to 
the  published  synthetic  protocol  (27)]  (100  mg,  0.4  mmol)  was  reacted  with  DSPE-PEG-NH2 
(100  mg,  23.2  pmol)  in  acetonitrile  (5  ml)  in  presence  of  DIPEA  (30  pi,  0.2  mmol)  at  65-70°C 
for  8h.  TLC  shows  the  formation  of  new  UV  active  product.  Methanol  was  added  to  the  mixture 
(5  ml)  followed  by  excess  ether  (50  ml)  and  it  was  then  kept  at  -80°C  for  24  h.  The  precipitate 
was  collected  following  centrifugation  and  recrystallization  was  repeated  twice.  The  overall  yield 
was  70%.  The  product  (single  spot,  Rf  0.7,  26:4  CHCI3:  Methanol),  while  eluting  out  at  2  ml/min 
through  semi-preparative  RP  Cis  Vydac  column  gave  a  peak  Rt  6.4  (90%  pure)  in  a  isocratic 
gradient  of  acetonitrile  (containing  0.1%  TFA)  to  methanol  in  a  ratio  of  45:55.  The  product 
DSPE-PEG-SP2-AA  was  characterized  by  NMR  and  used  without  further  purification.  The 
integration  of  the  protons  in  the  aromatic  moiety  attached  to  high  molecular  weight  PEG  does 
not  give  accurate  peak  heights  as  opposed  to  other  protons  in  NMR,  as  reported  elsewhere  (28). 

Liposome  Preparation: 

Preparation  of  DOX-loaded  liposomes :  For  DOX  entrapment  lipid  films  were  prepared  by 
drying  the  chloroform  solution  of  a  total  of  11.61  pmol  of  POPC,  cholesterol,  and  DSPE-PEG- 
SP2-AA  or  DSPE-PEG-SP3-AA  or  DSPE-PEG(2000)-OCH3  under  a  gentle  stream  of  N2  and 
dried  in  vacuum  for  at  least  6h.  The  lipid  mixtures  were  composed  of  POPC:Chol:DSPE-PEG- 
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SP2-AA  or  POPC:Chol:DSPE-PEG-SP3-AA  or  POPC:Chol:DSPE-PEG(2000)-OCH3  in  a  molar 
ratio  of  61.6  :  36.5  :  2.  It  was  hydrated  with  1ml  of  0.1M  citrate  pH  4.0  for  DOX  entrapment 
following  the  protocol  as  described  (29).  The  DOX-entrapped  liposome  was  finally  gel-filtered 
through  Sepharose-4B  gel  column  using  Hepes  buffer  to  remove  unencapsulated  DOX  (if  any). 
The  amount  of  DOX  was  quantitated  by  UV  measurement  at  absorbance  maximum  of  495  nm 
(e=  12500)  for  each  of  the  liposomes  entrapping  DOX.  The  final  DOX-liposome  solutions 
contain  150  mM  NaCl. 

Preparation  of  rhodamine-PE  containing  liposomes:  The  lipid  films  were  prepared  by  drying  the 
chloroform  solution  of  a  total  of  11.61  pmol  of  POPC,  cholesterol,  rhodamine-PE  and  DSPE- 
PEG-SP2-AA  or  DSPE-PEG-SP3-AA  or  DSPE-PEG(2000)-OCH3  under  a  gentle  stream  of  N2 
and  further  dried  in  vacuum  for  at  least  6h.  The  lipid  mixtures  were  composed  of 
POPC:Chol:rhodamine-PE:DSPE-PEG-SP2-AA  or  POPC:Chol:rhodamine-PE:DSPE~PEG-SP3- 
AA  or  POPC:Chol:rhodamine-PE:DSPE-PEG(2000)-OCH3  in  a  molar  ratio  of  61.1  :  36  :  1  :  2.  It 
was  incubated  with  1ml  Hepes  buffered  saline  (HBS)  and  allowed  to  hydrate  with  occasional 
vortex  and  intermittent  bath  sonication  for  about  0.5h.  The  hydrated  lipid  suspension  was 
extruded  through  0.1pm  pore  size  membrane  in  a  manual  extruder  (Avestin  Inc.,  Canada)  for  10 
times  at  65°C.  The  fluorescent  liposomes  were  gel  filtered  through  Sepharose-4B  gel  column 
eluted  with  HBS  to  remove  the  un-incorporated  rhodamine-lipid  or  other  impurities  (if  any).  The 
liposome  solution  was  collected  in  the  void  volume.  The  liposome  solution  was  further  filtered 
through  100,000  molecular  weight  cut-off  membrane  filter  (Milipore  Inc.)  for  3h  by 
centrifugation  at  3000  rpm.  The  retained  liposomal  concentrate  was  collected  and  used  for 
quantitative  liposome  uptake  and  fluorescence  microscopic  studies. 
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Immunofluorescence  Microscopic  Examination: 

DU- 145  cells  were  seeded  at  a  density  of  1  x  105  cells/  well  in  a  4-well  Nalge  Nunc  Lab-Tek 
chamber  slide  (Naperville,  IL)  and  kept  for  overnight  at  37°C.  The  cells  were  washed  three  times 
with  PBS  and  incubated  with  various  concentrations  of  rhodamine-labeled  liposomes  at  37°C  for 
0.5h.  Cells  were  washed  with  PBS  three  times  and  fixed  in  3.7%  paraformaldehyde  in  PBS  for 
15  min.  The  cells  were  washed  again  with  PBS  three  times  and  the  fluorescence  images  were 
taken  at  200X  magnification  with  a  red  filter  in  a  Nikon  fluorescence  phase  contrast  optical 
microscope. 

Liposome  Uptake  Study: 

DU- 145  cells  (2.25  xlO5)  were  placed  in  6-well  cell  culture  plates  and  allowed  to  attach  and 
grow  overnight  at  37°C  and  5%  CO2  in  air.  Cells  were  washed  with  PBS  three  times  and 
incubated  with  various  concentrations  of  rhodamine-labeled  liposomes  for  4h  at  37°C.  The 
treatments  were  done  in  triplicates.  The  cells  were  then  washed  with  PBS  three  times  and  lysed 
with  1  ml  of  0.1%  Triton-X-100  in  PBS.  The  lysates  were  collected  and  measured  for  the 
fluorescence  intensity  at  A,em  =  581  nm  and  Xex  =  560  nm  in  a  Perkin  Elmer  LS50B 
Luminescence  Spectrometer  (Norwalk,  CT).  The  results  are  expressed  as  arbitrary  fluorescence 
intensity/mg  of  protein  lysates.  For  inhibition  study,  cells  were  preincubated  for  2h  with  2  ml  of 
30  pM  of  HP  in  complete  media  and  liposome  uptake  study  was  similarly  performed  as 
described  above. 


9 


International  Journal  of  Cancer  (in  press) 

Cytotoxicity: 

The  cytotoxic  effect  of  free  DOX  and  DOX  encapsulated  in  targeted  liposome  or  non- 
targeted  liposome  was  assayed  by  a  MTT  colorometric  assay.  DU- 145  cells  were  seeded  at  a 
density  of  5,000  cells/well  (200  pi)  in  96- well  flat-bottomed  microtiter  plates  overnight.  Cells 
were  washed  with  PBS  once  and  incubated  with  various  concentrations  of  free  DOX  or  different 
liposomal  DOX  in  triplicate  for  2h  at  37°C.  The  cells  were  washed  three  times  with  PBS  at  the 
end  of  incubation  and  further  incubated  for  48h  in  a  drug- free  condition.  20  pi  of  MTT  solution 
(5  mg/ml  in  PBS)  was  then  added  to  each  well  and  the  cells  were  incubated  further  for  lh  at 
37°C.  The  media  were  removed  and  the  cells  were  dissolved  in  DMSO.  UV  absorbance  at  555 
nm  was  measured  in  Ultramark  Microplate  Imaging  System  (BIO-RAD).  The  data  are  expressed 
as  the  percent  of  viable  cells  compared  to  untreated  control  cells.  For  the  HP  inhibition  study, 
cells  were  preincubated  in  30pM  HP  (200  pi)  in  complete  media  for  2h  before  the  addition  of 
drugs  and  the  cytotoxicity  was  similarly  evaluated  as  described  above. 

Animals  and  Tumor  Model: 

Three  to  four  weeks  old  female  athymic  nu/nu  (Harlan  Sprague  Dawley,  Indianapolis, 
Indiana)  were  used  for  all  animal  experiments.  Subcutaneous  (SC)  tumors  were  established  by 
injecting  1.5  x  106  DU- 145  cells  in  the  right  flank  of  the  abdomen  region.  Care  and  maintenance 
of  animals  were  done  in  University  of  Pittsburgh  Central  Animal  Facility  and  in  adherence  to 
Institutional  guidelines  of  the  Institutional  Animal  Care  and  Use  Committee  (LACUC). 
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Microscopic  Imaging  of  Tumor  Sections: 

Nude  mice  bearing  DU-145  tumor  in  the  size  of  70-80  mm2  were  used  in  this  study.  They 
received  the  following  treatments:  1)  HBS;  2)  rhodamine  labeled  liposome  containing  2  mole% 
DSPE-PEG-SP2-AA  (total  lipid  2.32  pmol);  3)  rhodamine  labeled  liposome  containing  2  mole% 
DSPE-PEG-OCH3  (total  lipid  2.32  pmol).  At  2,  4,  and  24  h  following  injection,  mice  were 
sacrificed  and  tumors  were  collected,  frozen  in  TBS  tissue-freeze  medium  (Triangle  Biomedical 
Sciences,  Durham,  N.C.)  and  sectioned  into  5  pm  thin  sections  using  a  HM  505  E  MICROM 
Cryostat.  Similarly,  for  the  study  of  DOX  uptake  by  the  tumor,  mice  received  the  following 
treatments:  1)  HBS;  2)  DOX-liposome  (7.5  mg  DOX/kg)  containing  DSPE-PEG-OCH3;  and  3) 
DOX-liposome  (7.5  mg  DOX/kg)  containing  DSPE-PEG-SP2-AA.  After  24  h  the  mice  were 
sacrificed  and  tumors  removed  were  sectioned  after  freezing.  Fluorescence  images  from  all  of 
the  tissue  sections  were  directly  taken  at  200X  magnification  with  red  filters  in  a  Nikon 
fluorescence  phase  contrast  optical  microscope  to  examine  the  rhodamine  liposome  and  DOX 
uptake  in  the  tumor. 


Therapeutic  Studies: 

Groups  of  five  nude  mice  bearing  SC  tumor  were  included  in  this  study.  They  received  the 
following  treatments:  a)  HBS  (untreated  group),  b)  DOX-liposome  containing  DSPE-PEG-SP2- 
AA  (DSPE-PEG-SP2-AA  group),  c)  DOX-liposome  containing  DSPE-PEG-OCH3  (DSPE-PEG- 
OCH3  group),  and  d)  free  DOX  (free  DOX  group).  Mice  received  weekly  i.v.  injection  and  the 
DOX  dose  was  7.5  mg/kg.  The  tumor  size  was  measured  twice  a  week. 
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Statistical  Analysis: 

Data  were  expressed  as  mean  ±  standard  derivation  and  statistical  analysis  was  done  by  two- 
tailed  unpaired  Student  t-test  using  the  PRISM  software  program  (GraphPad  Software,  San 
Diego,  CA).  Data  were  considered  significant  if  p  <  0.05. 
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RESULTS 

Syntheses  of  phospholipid-PEG-anisamide  conjugates: 

Anisamide  was  chosen  in  this  study  as  a  targeting  ligand  (5).  In  order  to  attach  the  anisamide 
moiety  to  liposomes,  we  have  synthesized  a  phospholipid  conjugate.  A  PEG  (M.W.  3,500) 
spacer  was  included  between  lipid  and  anisamide  to  improve  the  targetability.  Figure  1  shows  the 
scheme  for  the  synthesis  of  anisamide-derivatized  phospholipids.  The  inclusion  of  a  secondary 
amine  in  the  position  two  carbons  away  from  the  amide-nitrogen  of  the  benzamide  analogue 
(here,  anisamide)  has  been  shown  to  increase  the  receptor  affinity  of  the  ligand  (30).  The 
relatively  poor  overall  yield  of  DSPE-PEG-SP3-AA  (7%)  prompted  us  to  design  DSPE-PEG- 
SP2-AA.  The  active  ligand  moiety  remained  the  same  for  both  molecules.  The  overall  reaction 
yield  of  the  DSPE-PEG-SP2-AA  formation  was  ten  fold  greater  than  that  of  the  DSPE-PEG- 
SP3-AA. 


Liposome  uptake  study: 

Figure  2A  shows  the  liposome  uptake  at  4  h  following  incubation  with  various 
concentrations  of  rhodamine-labeled  liposome,  non-targeted  or  conjugated  with  SP2-AA  or  SP3- 
AA.  SP2-AA-targeted  liposomes  were  most  efficiently  taken  up  by  DU- 145  cells.  The  non- 
targeted  liposomes  showed  the  least  uptake.  Liposomes  containing  DSPE-PEG-SP3-AA  showed 
an  intermediate  level  of  uptake.  The  cellular  uptake  of  targeted  liposome  was  significantly 
inhibited  by  either  pretreatment  or  co-treatment  with  HP,  a  known  sigma  antagonist  (Figure  2B), 
suggesting  that  the  enhanced  cellular  uptake  of  SP2-AA-  or  SP3-AA-targted  liposomes  was 
specifically  mediated  by  the  sigma  receptors. 
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Figure  3  shows  the  fluorescence  microscopic  examination  of  the  uptake  of  rhodamine- 
labeled  liposomes  by  DU- 145  cells.  In  agreement  with  data  in  Figure  2,  cells  treated  with  SP2- 
AA-targeted  liposomes  had  the  greatest  amount  of  cell-associated  fluorescence  intensity, 
followed  by  cells  treated  with  SP3-AA-targeted  liposomes.  Cells  treated  with  non-targeted 
liposome  had  the  least  amount  of  cell-associated  fluorescence  intensity.  At  high  magnification, 
SP2-AA-targeted  liposomes  were  found  to  be  associated  with  cell  membrane  as  well  as  inside 
the  cells  (see  supplemental  Figure  1). 

Targeted  delivery  of  liposomal  DOX  via  sigma  receptor  to  prostate  cancer  cells: 

The  cytotoxicity  of  targeted  or  non-targeted  liposomal  DOX  was  examined  on  DU-145  cells. 
Liposome  containing  DSPE-PEG-SP2-AA  was  chosen  in  the  cytotoxicity  study  as  it  was  more 
efficiently  taken  up  by  DU-145  cells  than  the  liposome  containing  DSPE-PEG-SP3-AA  (Figures 
2  &  3).  Figure  4A  shows  that  targeted  liposomal  DOX  killed  DU- 145  cells  more  effectively  than 
the  non-targeted  DOX  at  concentrations  below  46  pM,  with  the  IC50  of  1.8  pM  and  14  pM  in  two 
groups,  respectively.  To  further  demonstrate  the  involvement  of  the  sigma  receptor  in  cell 
killing,  DU145  cells  were  preincubated  with  30  pM  HP  for  2h  before  the  addition  of  liposomal 
DOX  in  the  presence  of  haloperidol  HP.  Figure  4B  illustrates  that  HP  significantly  inhibited  the 
cytotoxicity  of  DOX  encapsulated  in  the  targeted  liposome,  but  produced  minimal  effect  in  the 
cytotoxicity  of  non-targeted  liposomal  DOX,  which  led  us  to  suggest  that  the  enhanced  killing 
effect  in  targeted  liposomal  DOX  is  mediated  by  sigma  receptors.  It  is  also  evident  from  Figure 
4A  that  free  DOX  was  more  potent  in  cell  killing  than  liposomal  DOX  (targeted  or  non-targeted) 
and  its  cytotoxicity  was  not  affected  by  HP. 
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Targeted  delivery  of  rhodamine-labeled  liposome  to  tumor  in  tumor  bearing  athvmic  nude  mice: 

As  evident  from  cell  culture  experiments,  DSPE-PEG-SP2-AA  containing  liposome  was 
more  efficient  than  SP3-AA-containing  liposome  in  targeting  and  was  thus  used  in  all  of  the 
subsequent  animal  experiments.  Figure  5  shows  the  distribution  of  the  targeted  or  non-targeted 
rhodamine  liposomes  in  tumors  at  2,  4  and  24  h  following  i.v.  injection.  It  is  apparent  that  at  all 
of  the  three  time  points  of  our  study,  the  SP2-AA-targeted  liposome  accumulated  in  the  tumor 
more  efficiently  compared  to  non-targeted  liposome.  Accumulation  was  highest  at  an  early  time 
point,  i.e.,  2  h,  and  gradually  decreased  with  time. 

Targeted  delivery  of  liposomal  DQX  to  tumor  in  athvmic  nude  mice: 

Red  fluorescence  emitted  by  DOX  can  be  directly  imaged  in  the  tumor  sections  for 
measuring  DOX  accumulation  in  the  tumor  at  different  time  points  following  i.v  administration. 
Images  in  Figure  6  show  that  greater  amounts  of  DOX  accumulated  in  the  tumor  treated  with 
DOX  loaded  in  SP2-AA-targeted  liposome  compared  to  that  treated  with  non-targeted  liposome. 
Distribution  of  DOX  loaded  liposome  is  consistent  with  distribution  of  rhodamine-labeled 
liposome 

Therapy  of  tumor  by  anisamide-conjugated  liposomal  DOX: 

Figure  7  shows  the  result  of  tumor  therapy.  The  treatment  started  on  day  5  from  post¬ 
inoculation  of  tumor  cells.  The  injected  dose  of  DOX  for  mice  was  fixed  at  7.5  mg/kg  in  all  of 
the  treatment  groups.  The  control  group  received  HBS.  The  most  potent  antitumor  activity 
without  any  association  of  obvious  toxicity  was  seen  in  the  mice  treated  with  SP2-AA-targeted 
liposomal  DOX.  The  free  DOX  also  showed  efficient  tumor  growth  retardation,  but  caused 
significant  toxicity  to  the  mice:  2  out  of  5  mice  developed  ascites  on  day  15;  and  3  out  of  5  died 
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on  day  18  and  the  remaining  died  on  day  22.  There  were  no  obvious  toxicities  in  the  other 
treatment  groups  with  respect  to  body  weight  loss  or  development  of  ascites.  The  SP2-AA- 
targeted  liposomal  DOX  showed  most  facile  and  statistically  significant  (p<0.05)  tumor  growth 
retardation  compared  to  non-targeted  liposomal  DOX. 
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DISCUSSION 

The  sigma  receptors  are  overexpressed  in  a  variety  of  human  tumors  including  prostate 
cancer  cells  (4-10),  which  makes  sigma  ligand  a  potentially  interesting  ligand  to  target  drugs  to 
such  tumors.  Also  interesting  is  the  observation  that  radioiodinated  benzamides  exhibit  a  high 
affinity  to  sigma  receptor-positive  cells  (8,  10).  These  radiolabeled  benzamides  have  been 
successfully  used  in  imaging  several  types  of  cancers  including  prostate  tumor  in  the  mouse 
model  (9).  These  studies  suggest  the  possibility  of  using  sigma-receptor  binding  ligands  for  the 
diagnosis  of  a  variety  of  human  tumors  including  prostate  cancer  (9,10).  We  have  synthesized  a 
benzamide  analogue  and  demonstrated  for  the  first  time  its  therapeutic  application  towards 
targeting  and  killing  prostate  cancer  cells.  The  benzamide  derivatives  are  of  small  molecular 
weight  and  easy  to  modify  according  to  the  need  of  the  delivery  system.  It  can  be  directly 
attached  to  a  phospholipid  and  incorporated  in  the  liposome  formulation.  A  PEG  spacer  can  be 
included  between  lipid  and  benzamide  to  improve  the  ligand  targetability.  Inclusion  of  the  PEG 
moiety  also  provides  improved  stability  and  increased  circulation  half-life  of  the  liposome  in 
vivo  (25,  26). 

In  vitro  studies  demonstrated  that  anisamide  (an  analogue  of  benzamide)  efficiently 
mediated  targeting  of  liposome  to  DU- 145  cells  that  overexpress  sigma  receptor.  The  cellular 
uptake  was  dependent  on  dose  and  required  the  necessary  presence  of  the  anisamide  moiety  in 
the  phospholipid  conjugate  (Figures  2  &3).  Data  obtained  from  the  uptake  studies  was 
corroborated  by  the  DOX-mediated  cytotoxicity  studies.  SP2-AA-targeted  liposomal  DOX 
showed  increased  cellular  cytotoxicity  over  the  non-targeted  liposomal  DOX  (Figure  4A).  The 
improved  cellular  uptake  and  cytotoxicity  appeared  to  be  mediated  by  sigma  receptor  as  both 
were  significantly  inhibited  by  the  presence  of  HP  (Figures  2B  and  4B) 
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The  two  anisamide-PEG  derivatized  phospholipids  that  are  used  in  the  current  study  differ  by 
the  spacer-length  between  the  PEG  and  active  moiety  but  both  have  a  secondary  amine  two 
carbons  away  from  the  amide  carbon.  This  amine  has  been  shown  to  be  critical  for  targeting  of 
radioisotopes  to  sigma  receptor-positive  tumor  cells  (30).  Our  preliminary  studies  showed  that 
this  amine  is  also  important  for  efficient  targeting  of  liposomes:  direct  coupling  of  anisic  acid  to 
DSPE-PEG-NH2  led  to  a  conjugate  that  showed  poor  targeting  to  DU- 145  cells  (data  not  shown). 
It  is  interesting  to  note  that  DSPE-PEG-SP2-AA  was  more  active  than  DSPE-PEG-SP3-AA  in 
mediating  liposome  uptake  (Figures  2A  &  B).  The  reason  of  this  discrepancy  is  not  clear  at 
present.  Further  structure-activity  studies  may  lead  to  more  efficient  sigma  receptor  targeting 
ligands. 

It  should  be  noted  that  despite  the  improved  targeting,  DOX  formulated  in  liposomes 
containing  DSPE-PEG-SP2-AA  was  less  potent  than  free  drug  (Figure  4A).  This  might  be  due  to 
the  fact  that  the  tumor  cells  were  exposed  to  the  drug  for  an  extended  period  of  time.  Such 
condition,  however,  is  unlikely  to  occur  in  vivo  where  the  free  drug  is  rapidly  cleared  following 
the  administration.  Similar  observation  has  been  found  in  the  study  reported  by  Iden  and  Allen 
(31)  using  antibody-targeted  liposomal  DOX. 

The  sigma  receptor-mediated  in  vivo  targeting  was  clearly  demonstrated  in  the  study  with 
rhodamine  labeled  liposome.  A  more  efficient  accumulation  of  rhodamine  liposome  in  the  tumor 
(Figure  5)  was  seen  in  mice  following  i.v  administration  of  SP2-AA-targeted  liposome  at  all 
three  time  points  examined  (2,  4,  and  24  h  post  injection).  Similarly  much  more  DOX  was  found 
to  accumulate  in  the  tumor  for  targeted  liposomal  DOX  (Figure  6).  Both  targeted  and  non- 
targeted  PEG  liposomes  are  expected  to  extravasate  into  the  tumor  because  of  their  extended 
half-life.  The  equilibrium  of  liposome  movement  in  and  out  of  the  tumor  is  expected  to  shift 
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towards  tumor  uptake  if  the  liposome  is  armed  with  an  efficient  targeting  ligand.  The  inclusion 
of  a  targeting  ligand  could  also  improve  the  bioavailability  of  liposomal  DOX  by  facilitating  the 
subsequent  internalization  into  tumor  cells.  These  led  to  an  overall  improved  accumulation  of 
targeted  liposomes  in  the  tumor. 

In  vivo  therapy  studies  clearly  showed  that  the  anisamide-targeted  liposomal  DOX 
efficiently  inhibited  the  growth  of  established  DU- 145  tumors  in  mice.  A  number  of  studies  have 
shown  that  entrapment  of  chemotherapeutic  drugs  into  long-circulating  liposomes  significantly 
improves  their  therapeutic  index.  However,  there  have  been  conflicting  results  regarding  whether 
active  targeting  can  further  improve  the  therapeutic  efficacy  of  liposomal  drugs  (32,  33).  Data 
from  Figure  7  clearly  indicate  that  anisamide-targeted  liposomal  DOX  is  more  efficient  than 
non-targeted  liposomal  DOX  in  inhibiting  the  growth  of  DU- 145  prostate  cancer  cells.  A  much 
more  significant  difference  was  observed  between  the  two  groups  when  a  lower  dose  of  DOX 
was  used  (data  not  shown).  Free  DOX,  although  effective,  was  associated  with  significant  levels 
of  toxicity.  Thus,  anisamide-targeted  liposomal  DOX  can  efficiently  inhibit  the  growth  of 
established  prostate  cancer  with  minimal  side  effects. 

Several  targeted  systems  have  been  developed  for  targeted  delivery  of  liposomal  drugs  to 
tumors.  Most  of  them  utilize  antibodies  as  a  ligand  (31,  34).  A  few  studies  reported  using  small 
molecule  ligands  such  as  folate  for  targeted  liposomal  drug  delivery  (35,  36).  Our  studies  suggest 
that  benzamide  and  its  derivatives  show  promise  as  a  new  type  of  small  molecule  ligand  for 
targeting  of  various  types  of  anticancer  agents  to  sigma  receptor-positive  cancers.  There  are  two 
potential  advantages  with  our  new  system  compared  to  existing  targeting  systems  including:  1) 
low  immunogenicity  of  benzamide  and  its  other  excellent  safety  profile,  and  2)  versatility  due  to 
the  fact  that  various  types  of  tumors  overexpress  sigma  receptors.  Thus,  anisamide-targeted 
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drugs  may  become  a  novel  class  of  therapeutics  for  the  treatment  of  human  cancers,  which 
warrants  further  investigation. 
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ABBREVIATIONS 

POPC:  1 ,2-Dipalmitoleoyl-sn-Glycero-3 -phosphatidylcholine 
Choi:  Cholesterol 

DSPE-PEG(2000)-OCH3:  Distearoyl-sn-glycero-phosphatidylethanolamine-[co-methoxy- 
polyethylene  glycol(2000)] 

DSPE-PEG-SP2-AA:  Distearoylglycerolphosphatidylethanolamine-polyethylene  glycol(3400)- 
a)-[2-(4’-methoxybenzamido)]ethylamine. 

DSPE-PEG-SP3-AA:  Distearoylglycerolphosphatidylethanolamine-polyethylene  glycol(3400)- 
co— [4— {  2’-(4’ ’-methoxybenzamido)]ethylamino}butamide. 

DCC:  Dicyclohexylcarbodiimide 
DMAP:  N,  N-dimethylaminopyridine 
HP:  Haloperidol 
PEG:  Polyethylene  glycol 

MTT :  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide 
DMSO:  Dimethyl  sulfoxide 
PBS:  Phosphate  buffered  saline 
DOX:  DOX 

HBS:  Hepes  buffered  saline 
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37.  Figure  Legends 

Figure  1.  The  structures  (A)  and  the  synthesis  schemes  (B  &  C)  for  the  targeted  and  non-targeted 
lipids. 

Figure  2.  Cellular  uptake  of  fluorescent  liposomes.  Rhodamine-labeled  liposomes,  targeted  or 
non-targeted,  were  added  to  DU- 145  cells  and  the  cellular  uptake  of  liposome  is  examined  4  h 
later  (A).  In  a  separate  experiment  cells  were  pretreated  with  HP  (30pM)  for  2  h  prior  to  addition 
of  liposomes  and  liposome  uptake  was  then  similarly  examined  as  described  above  (B).  The 
results  were  expressed  as  arbitrary  fluorescence  unit  per  mg  of  cellular  protein  (n=3). 

Figure  3.  Uptake  of  rhodamine-PE  labeled  liposomes  by  DU-145  cells  measured  by 
Fluorescence  microscopy.  The  left,  middle  and  right  columns  correspond  to  the  respective 
images  of  cells  treated  with  liposomes  containing  2  mol%  of  DSPE-PEG(2000)-OCH3  (control), 
DSPE-PEG-SP3-AA  and  DSPE-PEG-SP2-AA,  at  a  total  lipid  concentration  of  6.4  pM  (A),  19.3 
pM  (B)  or  58  pM  (C).  Magnification  200X. 

Figure  4.  Cytotoxicity  of  DOX  in  different  liposome  formulations.  DU- 145  cells  were  incubated 
with  various  concentrations  of  free  DOX  or  DOX  encapsulated  in  liposomes  containing  DSPE- 
PEG-SP2-AA  or  DSPE-PEG(2000)-OCH3.  The  viability  of  cells  was  measured  48  h  later  by 
MTT  assay  (A).  In  a  separate  experiment  cells  were  treated  with  haloperidol  (30  pM)  for  2  h 
prior  to  addition  of  drugs  and  the  cytotoxicity  was  then  similarly  examined  as  described  above 
(B).  n=3. 
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Figure  5.  Uptake  of  rhodamine  PE  labeled  liposomes  by  DU-145  tumors  in  mice.  The  top, 
middle,  and  bottom  rows  correspond  to  the  respective  fluorescence  images  of  tumors  at  2,  4  and 
24  h  post  injection.  The  left,  middle  and  right  columns  correspond  to  the  respective  images  of 
tumors  treated  with  HEPES  buffer  saline  (control),  liposome  containing  2  mol%  of  DSPE- 
PEG(2000)-OCH3,  and  liposome  containing  2  mole%  of  DSPE-PEG-SP2-AA.  Magnification 
200X. 


Figure  6.  Uptake  of  DOX  encapsulated  liposomes  by  DU-145  tumors  in  mice.  The  top  row 
corresponds  to  fluorescence  images  and  the  bottom  row  is  the  corresponding  bright  field  images. 
The  left,  middle  and  right  columns  correspond  to  the  respective  images  of  tumors  treated  with 
HEPES  buffer  saline  (control),  liposome  containing  2  mol%  of  DSPE-PEG(2000)-OCH3,  and 
liposome  containing  2  mole%  of  DSPE-PEG-SP2-AA.  Magnification  200X. 

Figure  7.  Inhibitory  effect  of  anisamide-targeted  liposomal  DOX  on  the  growth  of  DU-145 
tumor.  Groups  of  five  mice  were  inoculated  with  DU- 145  cells.  Five  days  later  mice  received  the 
following  treatments  at  a  DOX  dose  of  7.5  mg/kg:  A)  DOX-liposome  containing  DSPE- 
PEG(2000)-OCH3  (black  triangle);  B)  free  DOX  (black  circle);  and  C)  DOX-liposome 
containing  DSPE-PEG-SP2-AA  (white  square).  Control  mice  received  HBS.  Tumor  sizes  in  each 
group  were  measured  twice  a  week  and  compared.  p<0.05  (vs  DOX-liposome  containing  DSPE- 
PEG(2000)-OCH3). 
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